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litis  bulletin  is  dedicated  to  the  memory  of  Dr.  Harry  Bolton  Seed.  Dr.  Seed,  a  member  of  the 
Special  Consulting  Board  for  the  Oroville  Earthquake,  passed  away  shortly  after  completing  the 
final  review  of  the  reports  included  in  this  bulletin. 

Harry  Seed  was  a  giant  in  the  field  of  geotechnical  engineering  and  essentially  pioneered  all  of  the 
early  and  current  methods  used  in  geotechnical  earthquake  engineering.  Many  of  the  design  and 
analysis  methodologies  used  in  the  studies  presented  in  this  bulletin  were  developed  from  Dr.  Seed's 
research  during  his  thirty-eight  year  tenure  at  the  University  of  California,  Berkeley.  Professor 
Seed  has  probably  received  more  awards  and  honors  than  has  any  other  civil  engineer.  Moreover, 
he  was  an  extraordinary  teacher  who  was  able  to  impart  knowledge  to  everyone  with  whom  he  came 
into  contact. 

Harry  Seed  had  a  special  relationship  with  the  Department  of  Water  Resources.  The  Department 
sponsored  much  of  his  early  research  on  the  performance  of  soils  and  dams  during  earthquake  shak- 
ing. He  also  supervised  much  of  the  modeling  and  testing  performed  at  the  Richmond  Field  Station 
during  construction  of  the  California  State  Water  Project.  Recently,  the  Department  sponsored  part 
of  Dr.  Seed's  research  in  the  performance  ofearthfill  dams  during  recent  earthquakes. 

The  Department  benefited  particularly  from  Harry  Seed's  guidarwe  through  his  participation  in 
several  consulting  boards.  In  addition  to  the  Special  Consulting  Board  for  the  Oroville  Earthquake, 
he  served  on  the  Earthquake  Analysis  Board,  which  developed  earthquake  engineering  criteria  for 
the  design  of  the  State  Water  Project,  and  which  was  recently  reconvened  to  provide  guidance  to  our 
Division  of  Safety  of  Dams.  He  also  served  on  several  boards  for  the  Department— relative  to  specific 
dams,  including  Auburn  Dam,  San  Luis  Dam,  and  O'Neill  Forebay  Dam. 

Harry  Seed  had  a  unique  gijifor  balancing  the  various  needs  of  the  public  to  achieve  the  greatest 
public  good  at  minimum  cost.  Many  individual  members  of  the  Department's  staff  were  guided  by 
and  benefited  from  personal  exchanges  with  him. 

It  is  fitting  that  we  take  this  opportunity  to  honor  a  man  whose  wisdom  and  abilities  have  had  such  a 
lasting  impact  on  the  activities  of  the  California  Department  of  Water  Resources. 

We  will  miss  him. 


FOREWORD 

On  August  1,  1975,  an  earthquake  of  Richter  Scale  magnitude  of  5.7  occurred  about  7.5  miles  southwest  of 
Oroville  Dam.  As  reported  in  Department  of  Water  Resources  Bulletin  203-78  (February,  1979),  the  Oroville- 
Thermalito  facilities  demonstrated  their  ability  to  withstand  the  seismic  loading  of  the  earthquake.  There  was  no 
structural  damage;  there  was  some  superficial  damage  to  a  few  secondary  facilities. 

Following  the  earthquake,  the  Department  established  a  Special  Consulting  Board,  consisting  of  nine  experts  in 
the  fields  of  seismology,  geology,  and  dam  design,  to  review  the  Department's  investigations  and  to  make  recom- 
mendations for  further  investigations. 

Bulletin  203-88  provides  seismic  re-evaluations  of  the  various  Oroville-Thermalito  structures  not  addressed  in 
Bulletin  203-78.  The  bulletin  is  presented  in  six  chapters.  Following  Chapter  I,  "Introduction,"  Chapters  II 
through  VI  provide  seismic  evaluations  of  these  structures  and  facilities: 

n.      Thermalito  Powerplant  Headworks 
m.     Thermalito  Afterbay  Dam 
rv.     Thermalito  Afterbay  Dam  Concrete  Structures 

V.     Thermalito  Forebay  Dam 

VI.     Bidwell  Canyon  and  Parish  Camp  Saddle  Dams  and  Effects  of  Possible  Fault  Movements  in 
Oroville  Project  Dam  Foundations 

Chapters  II  through  VI  provide  detailed  technical  presentations  of  the  engineering  re-evaluations  for  seismic 
stability  of  the  structures  and  areas  listed  above.  Conclusions  and  recommendations  from  each  of  those  five 
chapters  are  sunmiarized  in  Chapter  I  and  supported  in  detail  in  the  following  chapters. 

On  the  basis  of  this  extensive  re-evaluation  of  the  Oroville-Thermalito  facilities,  the  Department  has  concluded 
that  those  facilities  pose  no  threat  to  public  safety. 
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David  N.  Kennedy 
Department  of  Water  Resources 
The  Resources  Agency 
State  of  California 


Special  Consulting  Board 

FOR  THE   OROVILLE   EARTHQUAKE 


5  January  1989 


Mr.  John  H.  Lawder,  Chief 

Division  of  Design  and  Construction 

Department  of  Water  Resources 

1416  Ninth  Street 

P.O.  Box  942836 

Sacramento,  California   94236-0001 

Dear  Mr.  Lawder: 

As  requested,  the  Board  has  reviewed  the  following  chapters  of  Bulletin  203- 
88,  Supplement  to  Bulletin  203-78  "The  August  1,  1975  Oroville  Earthquake 
Investigations." 

Chapter  1,  Introduction,  July  1988 

Chapter  2,  Seismic  Evaluation  of  the  Thermalito  Power  Plant  Headworks 

Chapter  3,  Thermalito  Afterbay  Dam  Seismic  Evaluation 

Chapter  4,  Thermalito  Afterbay  Dam  Concrete  Structures  Seismic  Evaluation 

Chapter  5,  Thermalito  Forebay  Dam  Seismic  Evaluation,  July  1988 

Chapter  6,  Seismic  Evaluation  of  Bidwell  Canyon  and  Parish  Camp  Saddle 

Dams  and  Effects  of  Possible  Fault  Movements  in  Oroville  Project  Dams 
Foundations,  July  1988. 

A  meeting  was  held  in  the  DWR  building  in  Sacramento  on  November  18,  1988 
with  members  of  your  staff  making  explanatory  presentations  and  answering  final 
questions  from  the  Board  members.  The  responses  were  fully  adequate. 
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Based  on  its  reviews  the  Board  concurs  with  the  conclusions  presented 
in  Chapters  1-6  of  Bulletin  203-88  and  with  the  adequacy  of  the  remedial 
measures  proposed. 

Respectfully  submitted, 


ence  R.  Allen 


Clarence  R.  Allen  Thomas  M.  Leps 


Bruce   A.   Bolt  Alan  L.  O'Neill 

Wallace  L.  Chadwick  3         H.  Bolton  Seed 
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eorge  W.  Housner 
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CHAPTER  I.  INTRODUCTION 


Background 

Oroville  Dam  is  located  on  the  Feather  River  in  the  foot- 
hills of  the  Sierra  Nevada.  The  dam  is  5  miles  east  of  the 
city  of  Oroville  and  about  130  miles  northeast  of  San 
Francisco. 

On  August  1, 1975,  at  1320  hours,  an  earthquake  of  Rich- 
ter  Scale  magnitude  5.7  occurred  about  7.5  miles  south- 
west of  Oroville  Dam.  During  the  main  event  and  the 
many  aftershocks  that  followed,  the  Oroville-Thermalito 
facilities  continued  operating  without  interruption  except 
for  about  a  45-minute  shutdown  of  power  generation. 

Intensive  investigations,  originating  from  the  Oroville 
Earthquake,  were  initiated  to  document  the  performance 
of  the  Oroville-Thermalito  facilities  during  the  1975 
earthquake,  and  to  re-examine  the  ability  of  the  facilities 
to  withstand  future  earthquake  shaking.  Bulletin  203, 
published  in  April  1977,  presented  the  results  of  investi- 
gations which  documented  the  performance  of  the 
Oroville-Thermalito  facilities  during  the  1975  Oroville 
earthquake  sequence. 

Bulletin  203-78,  published  in  February  1979,  presented 
the  results  of  extensive  geologic,  seismologic,  and  geo- 
detic investigations  together  with  the  engineering  analy- 
ses performed  in  the  seismic  re-evaluations  of  Oroville 
Dam  embankment,  Oroville  Dam  Flood  Control  Outlet 
Structure,  Thermalito  Diversion  Dam,  and  various  secon- 
dary structures.  Also  included  in  Bulletin  203-78  was  the 
Department's  contingency  plan  for  the  Oroville-Ther- 
malito facilities  during  a  seismic  emergency. 

Purpose 

The  purpose  of  this  supplement.  Bulletin  203-88,  is  to 
present  the  Department's  seismic  re-evaluations  of  the 
various  Oroville-Thermalito  project  structures  which 
were  not  addressed  in  Bulletin  203-78.  These  structures 
include  Thermalito  Powerplant  Headworks,  Thermalito 
Afterbay  Dam,  Thermalito  Afterbay  Dam  Concrete 
Structures,  Thermalito  Forebay  Dam,  Bidwell  Canyon 
Saddle  Dam,  and  Parish  Camp  Saddle  Dam.  Also  ad- 
dressed in  this  bulletin  is  an  evaluation  of  the  effects  of 
fault  movements  on  the  stability  of  dams  in  the  Oroville- 
Thermalito  area. 


Description  Of  The  Oroville-Thermalito 
Facilities 

Oroville  Dam  and  its  appurtenances,  along  with  the  Ther- 
malito facilities,  comprise  a  multiple  purpose  project, 
which  includes  water  conservation,  power  generation, 
flood  control,  recreation,  and  fish  and  wildlife  enhance- 
ment. Lake  Oroville  stores  winter  and  spring  runoff, 
which  is  released  into  the  Feather  River  as  necessary  to 
supply  project  needs  and  commitments.  The  pumped- 
storage  capability  of  the  facilities  permits  maximum  use 
of  peaking  power  generation  produced  by  the  releases. 

Water  releases  from  Edward  Hyatt  Powerplant  are 
largely  diverted  from  the  Feather  River  at  the  Thermalito 
Diversion  Dam,  a  concrete  gravity  structure  with  a  multi- 
ple radial  gated  crest  section  (see  Figure  1).  These  diver- 
sions pass  through  Thermalito  Power  Canal  and  Ther- 
malito Forebay,  through  the  Thermalito  Powerplant,  and 
into  Thermalito  Afterbay  (see  Figures  2  and  3).  The  Th- 
ermalito Diversion  Pool,  Power  Canal,  and  Forebay  have 
a  common  water  surface  to  accommodate  flow  rever- 
sals for  the  pumped-storage  operation.  Thermalito  Af- 
terbay stores  the  Plant  discharges  from  Hyatt  Powerplant 
and   Thermalito   Powerplant    for    possible     off-peak 


Figure  2.    Thermalito  Forebay  Dam, 
Powerplant,  and  Reservoir 


Figure  3.   Thermalilo  Aflaihay  Dam  and  Reservoir 


pumpback  to  Lake  Oroville  and  for  uniform  flow  releases 
to  the  Feather  River. 

Migrating  salmon  and  steelhead  are  diverted  from  the 
river  into  the  Feather  River  Fish  Hatchery  by  the  fish  lad- 
der at  the  Fish  Barrier  Dam,  located  approximately  one- 
half  mile  downstream  from  Thermalito  Diversion  Dam. 


The    Investigating  Organization 

On  August  8,  1975,  the  Department  of  Water  Resources 
convened  its  Consulting  Board  for  Earthquake  Analysis 
to  review  the  post-earthquake  situation  and  the  prelimi- 
nary data  assembled.  On  September  11  and  12,  1975,  a 
Special  Consultmg  Board  for  the  Oroville  Earthquake, 
composed  of  nine  members  taken  from  the  Consulting 
Board  for  Earthquake  Analysis  and  additional  consult- 
ants, was  convened  by  the  Department  to  review  the  De- 
partment's programs  for  data  collection  and  evaluation  of 
structural  seismic  safety.  The  Special  Consulting  Board 
currently  consists  of  seven  of  the  original  nine  Board 
members: 

George  W.  Housner,  Chairman 

Clarence  R.  Allen 

Bruce  A.  Bolt 

Wallace  L.  Chadwick 

Thomas  M.  Leps 

Alan  L.  O'NeUl 

H.  Bolton  Seed 


Durmg  the  re-evaluation  of  the  various  structures,  a 
smaller  four-man  board  was  formed  from  the  Special 
Consulting  Board  to  more  expeditiously  review  the  re- 
evaluations  and  provide  guidance  to  Department  staff. 
This  so-called  "mini  board"  consists  of: 

Wallace  L.  Chadwick 
Thomas  M.  Leps 
Alan  L.  O'Neill 
H.  Bolton  Seed 

Subsequent  to  the  publication  of  Bulletin  203-78,  the 
Special  Consulting  Board  or  its  smaller  "mini  board"  has 
met  and/or  issued  reports  a  total  of  10  times: 


Dates 

February  26-27,  1979 
May  24-25,  1979 
August  14,  1980 
January  8-9,  1981 
March  18,  1982 
July  1,  1982 
November  15-16,  1983 
October  19,  1984 
February  1,  1985 
November  18,  1988 


Boaid 


Special  Consulting  Board 
Special  Consulting  Board 
Special  Consulting  Board 
Special  Consulting  Board 
Mini  Board 
Mini  Board 
Mini  Board 

Special  Consulting  Board 
Special  Consulting  Board 
Special  Consulting  Board 


During  these  meetings,  the  Board  has  reviewed  data,  re- 
ports, and  presentations  by  Department  staff  and  has  pro- 
vided comments  and  guidance.  Reports  prepared  by  the 
Board  are  included  in  Appendix  A. 
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Summary  Of  Conclusions  And  Recommendations 

Detailed  technical  presentations  of  the  engineering  re- 
evaluations  for  seismic  stability  are  presented  in  the  chap- 
ters which  follow.  Each  chapter  includes  a  description  of 
the  structure  analyzed,  selection  of  analysis  method, 
analysis  results,  and  conclusions.  The  conclusions  and 
recommendations  from  Chapters  II  through  VI  follow: 

Thermalito  Powerplant  Headworks  (Chapter  II) 

The  stresses  predicted  by  the  analysis  are  within  the  al- 
lowable stresses  of  concrete  and  did  not  include  the  effect 
of  the  reinforcing  steel.  Consideration  of  the  reinforce- 
ment would  only  serve  to  lower  the  stresses  in  the  con- 
crete. 

One  inch  of  vertical,  sympathetic  movement  has  been 
considered  credible  along  a  fault  which  lies  beneath  the 
bases  of  the  penstocks.  Although  this  may  cause  some 
cracking  of  the  penstock,  it  would  not  result  in  damage  to 
the  headworks  structure. 

The  traveling  gantry  crane  is  being  provided  with  a  tie- 
down  system,  which  will  be  used  during  those  periods 
when  the  crane  is  not  in  use.  This  will  allow  the  crane  to 
be  fully  operational  immediately  following  the  design 
earthquake. 

DWR  has  therefore  concluded  that  the  Therrnalito 
Powerplant  headworks  structure  should  safely  withstand 
the  ground  motion  specified  by  the  Consulting  Board; 
hence  the  structure  should  present  no  hazard  to  the  gen- 
eral public  under  such  an  earthquake. 

Thermalito  Afterbay  Dam  (Chapter  III) 

1.  The  strengths  of  foundation  sands  are  higher  than  the 
values  used  in  the  preliminary  (1981  Report) 
evaluation  of  Station  107. 

The  stability  of  the  dam  is  satisfactory  for  the  maxi- 
mum earthquake  shaking  anticipated.  Only  minor 
cracking  or  movements  are  predicted  for  the  postu- 
lated shaking.  As  an  extra  precaution,  a  short  reach 
of  dam  with  a  sharp  angle  in  the  axis  alignment  has 


been  locally  reinforced  to  supplement  resistance  to 
transverse  cracking. 

3.  From  a  seismic  safety  standpoint,  it  is  safe  to  restore 
full  use  of  the  reservoir,  provided  that  the  ground 
water  piezometric  level  on  the  downstream  side  of 
the  dam  is  controlled  to  prevent  its  rising  above  the 
ground  surface  for  an  extended  period.  To  comply 
with  this  provision,  a  ground  water  pressure-relief 
system  and  a  small  berm  have  been  added  in  short 
reaches  along  the  downstream  side  of  the  dam. 

Thermalito  Afterbay  Dam  Concrete  Structures 
(Chapter  IV) 

Based  on  the  present  earthquake  criteria  and  results  from 
the  analyses  performed,  the  four  Thermalito  Afterbay 
concrete  structures  are  considered  safe  when  subjected  to 
the  reanalysis  earthquake. 

Thermalito  Forebay  Dam  (Chapter  V) 

1.  The  cyclic  and  residual  strengths  of  the  foundation 
sands  are  higher  than  the  values  used  in  preliminaiy 
studies  performed  between  1976  and  1984. 

2.  The  stability  of  the  dam  is  satisfactory  for  the  maxi- 
mum earthquake  shaking  anticipated.  Only  minor 
cracking  or  movements  are  predicted  for  the  postu- 
lated shaking. 

3 .  From  a  seismic  safety  standpoint,  it  is  safe  to  continue 
full  use  of  the  reservoir. 

Bidwell  Canyon  and  Parish  Camp  Saddle  Dams 
(Chapter  VI) 

Bidwell  Canyon  Saddle  Dam  and  Parish  Camp  Saddle 
Dam  would  perform  satisfactorily  during  earthquake 
shaking  as  severe  as  the  Oroville  Reanalysis  Earthquake 

(amax  =  0.6g). 

The  Effects  of  Possible  Fault  Movements  in 
Oroville  Project  Dam  Foundations  (Chapter  VI) 

All  of  the  Oroville  Project  Dams  would  perform  satisfac- 
torily if  the  postulated  fault  offsets  in  their  foundations 
were  to  occur. 
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Structural  Modifications  Made 
To  Oroville-Thermalito  Facilities 

In  order  to  provide  additional  protection  to  Thermalito 
Afterbay  Dam,  the  Special  Consulting  Board  recom- 
mended that  the  southwest  comer  of  the  reservoir  em- 
bankment be  reinforced,  and  that  measures  be  imple- 
mented to  assure  that  the  water  levels  in  the  foundation 
immediately  downstream  of  the  dam  remain  no  higher 
than  the  ground  surface.  To  comply  with  these  recom- 
mendations, the  following  was  performed: 

1 .  In  1986,  an  upstream  buttress  zone  of  gravel  and  cob- 
bles was  placed  at  the  southwest  comer  of  the  dam 
between  Stations  223  and  230.  The  buttress  extends 
from  foundation  level  up  to  the  embankment  crest 
and  is  up  to  80  feet  in  width  at  crest  elevation. 

2.  In  1985,  a  temporary  well  point  system  consisting  of 
20-foot  deep  well  points,  vacuum  pumps,  manifold 
pipe,  and  discharge  lines  were  installed  along  the 
south  side  toe  of  the  dam  between  Stations  275  and 
295. 

3.  In  1986,  a  permanent  relief  well  system  was  installed 
along  the  south  toe  of  the  dam  between  Stations  271 
and  295.  This  system  consists  of  fifty  20-foot  deep  re- 
lief wells,  along  with  collector  pipes,  sumps,  sump 
pumps,  and  discharge  lines.  This  system  was  tested  in 


1986  and  again  in  1987  by  holding  the  reservoir  full 
for  one  to  two  weeks.  In  1988,  the  temporary  well 
point  system  was  dismantled.  The  vacuum  pumps  and 
manifold  pipe  were  removed,  and  most  of  the  well 
points  were  abandoned  in  place  with  a  surface  seal. 
However,  78  well  points  points  between  stations  282 
and  290  were  connected  to  the  permanent  relief  sys- 
tem collector  pipes.  Piezometer  observations  made 
since  then  indicate  that  groundwater  levels  for  full 
reservoir  conditions  will  be  below  the  ground  surface 
along  the  south  toe  of  the  dam. 

4.  Fill  material,  between  one  and  three  feet  thick,  was 
placed  on  the  ground  surface  along  the  west  side  of 
the  dam,  between  Stations  170  and  176,  to  raise  the 
ground  surface  elevation  above  the  observed  maxi- 
mum ground  water  level. 

The  Department  plans  to  carry  out  its  recommendation, 
expressed  in  Chapter  II,  to  provide  a  tie-down  system  for 
the  traveling  gantry  crane  on  top  of  the  Thermalito 
Powerplant  Headworks  stracture.  This  work  is  expected 
to  be  completed  in  late  1989. 

Department's  Findings 

Based  on  the  preceding  conclusions  from  the  investiga- 
tions completed,  the  Department  concludes  that  these  fa- 
cilities do  not  pose  a  threat  to  public  safety. 


CHAPTER  II 

SEISMIC  EVALUATION  OF  THE 

THERMALITO  POWERPLANT  HEADWORKS 


Chapter  II  is  divided  into  two  parts.  Part  1  discusses  the 
determination  of  the  lateral  earthquake  forces  acting  on 
the  Thermalito  Powerplant  headworks  under  the  ground 
motion  specified  by  the  Department  of  Water  Resources. 
Part  1  was  prepared  by  Dr.  Anil  K.  Chopra  of  the  Uni- 


versity of  California,  Berkeley.  Part  2  addresses  the  de- 
termination of  the  stresses  that  occur  in  the  headworks 
structure  due  to  the  earthquake  forces,  and  an  evaluation 
of  the  safety  aspects  of  the  structure  to  sustain  those 
forces. 


PARTI 

LATERAL  EARTHQUAKE  FORCES  FOR  SAFETY  EVALUATION 

OF  THE  THERMALITO  POWERPLANT  HEADWORKS 


Introduction 

Following  the  Oroville  earthquake  of  August  1, 1975,  the 
California  Department  of  Water  Resources  (DWR)  de- 
cided to  perform  dynamic  analysis  of  selected  structures 
to  provide  the  results  needed  to  re-evaluate  the  safety  of 
these  structures  against  future  earthquakes.  This  chap- 
ter is  concerned  with  the  analysis  of  Thermalito 
Powerplant  Headworks,  a  concrete  gravity  structure,  for 
the  ground  motion  specified  by  DWR.  A  location  map 
ofThermalito  Powerplant  is  provided  in  Figure  4. 


During  the  past  twenty-five  years,  considerable  progress 
has  been  made  in  the  analysis  of  response  of  concrete 
gravity  dams  to  earthquake  ground  motion.  A  general 
analytical  procedure  and  computer  program,  wherein  the 
effects  of  dam-water  interaction  and  compressibility  of 
water  are  included,  is  now  available  for  two-dimensional 
finite  element  analysis  of  gravity-dam  monoliths  sub- 
jected to  horizontal  and  vertical  components  of  ground 
motion  .1,2.*  This  computer  program  has  been  employed 
in  the  dynamic  analysis  of  Thermalito  Diversion  Dam  for 
DWR.3 

Although  this  procedure  rigorously  analyzes  the  earth- 
quake response  of  gravity  dam  monoliths  and  has  led  to 


"A  numbered  list  of  references  is  presented  at  the  end  of  Chapter  II. 


results  consistent  with  the  damage  to  Koyna  Dam  during 
the  December  1 1, 1967  earthquake,  it  was  not  considered 
to  be  the  most  appropriate  approach  for  stress  analysis  of 
the  Thermalito  Powerplant  Headworks  structure.  Unlike 
many  gravity  dams,  this  structure  has  major  openings 
throughout.  As  a  result,  it  was  designed  as  a  reinforced- 
concrete  structure  in  contrast  to  most  gravity  dams,  which 
are  designed  as  plain,  unreinforced  mass  concrete  struc- 
tures. Consequently,  it  is  not  reasonable  to  analyze  a 
two-dimensional  slice  of  the  structure.  On  the  other 
hand,  a  three-dimensional  analysis,  properly  including 
hydrodynamic  effects,  is  beyond  the  current  state  of  the 
art. 

After  several  discussions  with  DWR  staff,  it  was  con- 
cluded that  the  best  approach  would  be  to  proceed  as 
follows: 

1,  Based  on  the  overall  dynamic  properties  of  the 
structure,  recognizing  the  openings  and  other 
complexities,  and  including  the  hydrodynamic  ef- 
fects, estimate  the  lateral  loads  to  represent  the 
maximum  effects  of  the  earthquake  ground  mo- 
tion. 

2.  Evaluate  the  capacity  of  the  existing  structure  to 
safely  carry  these  lateral  earthquake  loads  and  all 
other  loads  (except  the  pseudo-static  earthquake 
loads)  considered  in  the  original  design  of  the  struc- 
ture. 


Figure  4.  Location  Map,  Thermaiito  Powerplant,  Forebay,  andAfterbay 


The  recommended  lateral  earthquake  forces  are  pre- 
sented in  Part  1  of  this  chapter.  Also  included  are 
comments  on  the  allowable  tensile  stresses  to  assist 
DWR  in  evaluating    the  structure. 

Analysis  Procedure 

A  recent  paper*  presents  a  procedure  for  computing  lat- 
eral earthquake  forces  to  represent  the  maximum  effects 
of  earthquake  ground  motion  on  gravity  dams.  The  fol- 
lowing factors,  important  in  the  response  of  concrete 
gravity  dams,  are  considered  in  the  procedure:  (1)  funda- 
mental period  of  vibration  and  mode  shape  of  the  dam, 
(2)  effect  of  dam-water  interaction  on  dynamic  response 
characteristics  of  the  dam,  and  (3)  intensity  and  fre- 
quency characteristics  of  the  ground  motion.  For  this 
procedure  the  ground  motion  is  characterized  by  its  re- 
sponse spectrum.  Based  on  rational  simplifications  and 
approximations,  the  following  conclusion  was  reached: 

Computational  Steps 


E'7xl0^p$i 


Totol  Depth  of  Woter.H 
Height  of  Dam, Hs 
Figure  5.  Standard  Values  for  R,-  the  Ratio  of  Fundamental 
Vibration  Periods  of  the  Dam  mth  and  without  Water,  Plotted 
against  Deptii  of  Water  for  Various  Values  ofE,  the  modulus  of 
elasticity  for  concrete 
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The  maximimi  effects  of  earthquake  ground  motion 
in  the  horizontal  direction  can  be  represented  by  a 
set  of  lateral  forces,  which  should  be  considered  to 
act  in  each  direction— upstream  and  downstream— 
separately;  their  effects  should  be  combined  with 
those  of  all  other  design  loads.    These  earthquake 
forces  can  be  determined  approximately  by  the  fol- 
lowing computational  steps: 


Compute  Tj ,  the  fundamental  natural  period  of  vi- 
bration of  the  dam  in  sec .,  without  considering  the 
influence  of  the  stored  water,  from 


(Eq    2) 


7e 


(Eq    1) 


in  which  Hs  =  height  of  the  dam  in  feet;  and  E  = 
modulus  of  elasticity  (Young's  modulus)  of  concrete 


Compute  Tj,  the  fundamental  period  of  vibration  of 
the  dam  in  sec,  including  the  influence  of  the  stored 
water,  from: 


in  which  Ri  =  period  ratio  determined  from  Figure 
5  for  the  particular  values  of  H  and  E;  and  H  = 
depth  of  stored  water  in  feet. 


3.    Compute  ^2,  the  ratio  of  the  fundamental  resonant 
period  for    the  impulsive  hydrodynamic  pressure 

and  "^s  computed  in  Step  2,  from 


R2  = 


1     4H 


Ts     C  (Eq3) 

where  C  =  the  velocity  of  sound  in  water  (4,720  ft/sec.) 

4.  Compute  /s(z),  the  lateral  eafi'.,  ake  forces  over 
the  height  of  the  dam  including  the  hydrodynamic  ef- 
fects, from 

A(z)  =ai^^[w,(z)V(z) +gp,(z)] 

g  (Eq4) 


in  which  C]  =  4,  Sa{ts)   =  ordinate  of  the  pseudo- 
acceleration  response  spectrum  for  the  specified 


earthquake  for  an  appropriate  damping  value  at  pe- 
riod of  vibration  Ts  determined  in  Step  2;  Wi(z)  = 
weight  per  unit  of  the  dam;  \|;(z)  =  fundamental 
mode  shape  of  the  dam  given  in  Figure  6.  Corre- 
sponding to  the  value  of  R2  computed  in  Step  3  and 

for  HIHs  =  1,  the  quantity  gFi  =  l(z)  is  determined 
from  Figure  7;  the  result  is  multiplied  by  the  design 
value  of  (  H/Hs  )2  and  substituted  in  Eq.  4. 

The  lateral  earthquake  forces  without  the  hydrody- 
namic  effects  may  be  computed  from: 

M.)=a.^Mm.)^  (Eq5) 

in  which  Oa  =  3  and  Sa(Ts)  =  ordinate  of  the 
pseudo-acceleration  response  spectrum  at  period  of 
vibration  "^s  determined  in  Step  1. 
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Figure  6.  Standard  Fundamental  Period  and  Mode  Shape  of 
Vibration  for  Design  of  Concrete  Gravity  Dams 
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Figure  7.  Standard  Plots  for  Variation  of  p\    over  the  depth 
of  water  for  HIHs  =  1  and  various  values  ofR^  ^  0)siO)r 

Evaluation  of  the  Procedure 

Various  approximations  were  introduced  to  develop  the 
simplified  analysis  procedure  summarized  above,  and 
these  were  individually  checked  to  ensure  that  they 
would  lead  to  acceptable  results'*.  In  order  to  provide  an 
overall  evaluation  of  the  simplified  analysis  procedure,  it 
was  used  to  determine  the  stresses  in  Pine  Flat  Dam,  and 
the  results  were  compared  with  those  from  a  computer 
analysis  of  response  history  in  which  the  dam  was  ideal- 
ized as  a  finite  element  system  ^ . 


Following  the  steps  listed  earlier,  the  lateral  earthquake 
forces  were  computed  for  Pine  Flat  Dam.  For  purposes 
of  stress  calculations,  the  distributed  gravity,  hydrostatic, 
and  earthquake  loads  were  replaced  by  concentrated 
loads,  in  the  same  manner  as  in  the  traditional  proce- 
dures for  design  calculations.  The  direct  and  bending 
stresses  across  horizontal  sections  were  computed  by  ele- 
mentary formulas  for  stresses  in  beams,  also  as  in  tradi- 
tional procedures. 

The  history  of  response  of  Pine  Flat  Dam  to  the  ground 
motion  recorded  at  Taft  during  the  Kern  County  earth- 
quake of  July  21, 1952— the  response  spectrum  used  for 
the  simplified  analyses  was  consistent  with  this  ground 
motion— was  obtained  by  the  EADHI    computer  pro- 


gram3.  A  dam  monolith  was  idealized  as  a  finite  element 
system  and  the  hydrodynamic  effects  were  included  in  the 
analysis. 

Comparison  of  results  obtained  from  the  two  analyses 
demonstrated  that  the  simplified  analysis  procedure 
summarized  earlier  leads  to  satisfactory  results  for  maxi- 
mum stress  values  on  the  downstream  and  upstream 
faces.  It  also  leads  to  a  satisfactory  description  of  the  dis- 
tribution of  stresses  over  the  height  of  the  dam. 


^1  =  1.34 
From  Eq.  2: 

fs  =1.34(0.051)  =  0.068  sec. 

3.    From  Eq.  3: 

1         (4)  (77) 


0.068        4720 


=  0.96 


Lateral  Earthquake  Forces 

System  and  Ground  Motion  Properties 

The  headworks  structure  is  described  in  Part  2  (of  this 
chapter),  prepared  by  DWR.  Figures  displaying  the  cross 
section  details  and  dimensions  at  the  centerline  of  the 
structure  and  the  plan  geometry  and  dimensions  at  sev- 
eral elevations  are  included  with  the  description. 

In  the  original  analysis  of  the  headworks,  the  structure 
was  divided  by  five  horizontal  planes  (one  at  the  base, 
four  above)  resulting  in  five  units.  The  weight  of  each  unit 
and  location  of  center  of  gravity  of  the  unit  were  furnished 
by  DWR.  The  lateral  earthquake  forces  computed  in  this 
chapter  refer  to  these  five  units. 

The  lateral  forces  are  computed  for  the  ground  motion 
originally  recommended  by  the  Special  Consulting  Board 
to  DWR  (Figure  8).  The  pseudo-acceleration  response 
spectrum  for  the  ground  motion  for  a  5  percent  damping 
ratio  (Figure  9)  is  used  for  these  computations.  This 
damping  ratio  is  appropriate  for  concrete  gravity  dams. 


Computation  of  ELarthquake  Forces 

The  lateral  earthquake  forces  are  computed  by  following 
the  steps  listed  in  the  preceding  section: 


1.     For  E  =  5.0  X  lO^  psi  and  dam  height  H, 

from  Eq.  1: 

82.2 
r,  =  1.4  —. -=  0.051  sec. 


82.2  ft., 


4.     Eq.  4  is  replaced  by  its  discrete  form.  The  force  act- 
ing on  unit  i  is  given  by 


A,ai^^^[w„V,  +  gp-/,] 


(Eq.6) 


where  for  this  analysis: 

a,   =4 

Sa  (Ts)  =  ordinate  of  the   pseudo-acceleration  re- 
sponse spectrum  at  vibration  period: 

Sa  {fs)  =  0.78  g  at  fs  =  0.068  sec.  (Figure  9) 

g     =  acceleration  of  gravity 

Wsi  =  weight  of  unit  i  (data  provided  by  DWR) 


V/  =  mode  shape  value  at  center  of  gravity  of  unit  i 
(Figure  6) 

Fii  =Fi  (z)  — determined  as  described  earlier  from 
Figure  7— integrated  over  unit  i. 

Based  on  the  weight  and  the  location  of  the  center 
of  gravity  for  each  of  the  five  units  of  the  structure 
provided  by  DWR,  the  lateral  forces  using  Eq.  6  are 
computed  in  Table  1. 

5.     Eq.  5  is  replaced  by  its  discrete  form.   The  lateral 
force  acting  on  unit  i  is  given  by: 


(J  5x10^) 


S  (T ) 
fsi  =  a2    "^  '^wsitpi 


(Eq7) 


2.    For  E  =  5.0  X 1 0*  psi  and  H//f,  =  77.0/82.2  =  0.937, 
from  Figure  5: 


where  for  this  analysis: 
02   =    3 


10  12 

TIME,  SEC. 


Fig^re  8.  Horizontal  Ground  Acceleration  Specified  by  DWR 


Recommendations  for  Safety  Evaluation 


Replace  the  earthquake  forces  considered  in  the  original 
design  of  the  structure  by  the  forces  presented  in  Tables  1 
and  2.  Using  standard  DWR  procedures,  evaluate  the  ca- 
pacity of  the  existing  structure  to  cany  the  revised  earth- 
quake forces  and  all  other  loads— self  weight  of  the  struc- 
ture and  equipment,  hydrostatic  forces,  etc.— considered 
m  the  original  design  of  the  structure.  The  earthquake 
forces  should  be  considered  to  act  in  each— upstream  and 
downstream— direction  separately.  The  reinforced  con- 
crete portions,  as  well  as  the  plain  mass  concrete  por- 
tions of  the  structure,  should  be  analyzed  for  these  loads. 
The  results  should  be  checked  against  the  appropriate 
design  criteria.  The  standard  design  criteria  of  DWR  is 
appropriate  for  checking  the  reinforced  concrete  portions 
of  the  structure. 


However,  the  following  criteria  are  recommended  for 
checking  the  plain,  mass  concrete  portions  of  the  struc- 
ture: The  compression  and  tensile  stresses  should  not  ex- 
ceed the  strength  values  in  compression  and  tension,  re- 
spectively. Usually,  tensile  stresses  will  control  the  evalu- 
ation, because  they  will  be  similar  in  magnitude  to  the 
compressive  stresses,  whereas  the  tensile  strength  of 
mass  concrete  is  only  about  10  percent  of  the  compres- 
sive strength.  The  overturriing  and  sliding  stability  crite- 
ria that  were  used  in  the  original  design  of  the  structure 
need  not  be  satisfied,  because  they  have  little  meaning  in 
the  context  of  oscillatory  response  of  dams  due  to  earth- 
quake motion. 

Concrete  strength  in  tension  and  in  compression  depends 
on  the  rate  of  loading,  with  increases  up  to  50  percent  at 
loading  rates  representative  of  those  the  concrete  may 
experience  during  earthquake  motions  of  the  dam.^"' 


Table  1.  Lateral  Earthquake  Forces  Including  Hydrodynamic  Effects 

Unit  No. 

Height   of   c.g.Above 
Base    (Plane   5-5),    ft. 

Weight 

Mode  Shape 
i>^  at   e.g. 

gPli. 
kips 

Lateral  Forces,  kips 

SJTJ 
«     \       IVl  *  «?11^ 

19.1*2 

2,645 

0.909 

6.6 

7,392 

10. n 

3,228 

0.636 

kll 

7,611 

60.04 

2,645 

0.430 

606 

5,376 

37.80 

16,214 

0.174 

3.395 

19,240 

10.64 

17,361 

0.028 

2,643 

9,737 

Table  2.  Lateral  Earthquake  Forces  Excluding  Hydrodynamic  Effects 


Unit  No. 

Height   of   eg  Above 
Base    (Plane  5-5),    ft. 

Weight 
w^,    kips 

Mode   Shape 
^^   at   e.g. 

Lateral    Forces,    kips 
S    (T   ) 

«  \'  Vi 

79.42 

2,645 

0.909 

5,410 

70.27 

3,228 

0.636 

4,620 

60.04 

2,645 

0.430 

2,559 

37.80 

16,214 

0.174 

6,343 

10.64 

17,361 

0.028 

1,094 

Furthermore,  the  different  types  of  tests  that  are  avail- 
able—direct tension,  splitting  tension,  and  flexural 
strength— generally  yield  different  results  for  tensile 
strength.  Because  of  its  simplicity  and  ability  to  produce 
reliable  results,  the  splitting  tension  test  appears  to  be 
especially  useful.  Thus,  the  concrete  strength  values 
should  be  based  on  appropriate  tension  and  compression 
tests  on  cores  taken  from  the  structure,  at  rates  of  loading 
representative  of  those  the  structure  will  experience  in 
vibration  due  to  earthquake  motion. 


At  the  present  time,  it  is  not  practical  to  routinely  per- 
form cyclic  tests  with  stress  reversals  on  specimens  under 
multi-axial  states  of  stress;  hence,  monotonic  tests  are 
recommended  to  determine  concrete  strength.  The  data 
available  for  the  structure  are  from  compression  tests  on 
specimens  during  construction  at  normal,  slow  rates  of 
loading.  For  preliminary  evaluation,  it  is  appropriate  to 
allow  a  reasonable  increase  in  the  measured  compressive 
strength,  based  on  the  available  data'"'.  For  the  faster 
loading  rates  during  earthquakes,  tensile  strength  maybe 
taken  as  10  percent  of  the  compressive  strength. 

If  the  preliminary  evaluation  indicates  that  the  design  cri- 
teria are  not  satisfied,  tension  tests  should  be  performed 
on  cores  taken  from  the  structure  to  obtain  more  reliable 
estimates  of  the  tensile  strength  of  concrete. 


Permitting  significant  tensile  stresses,  up  to  the  tensile 
strength,  is,  of  course,  a  major  departure  from  the  stan- 
dard design  criteria  wherein  little  tension  is  permitted. 
However,  evidence  is  available  to  support  the  recom- 
mended evaluation  criteria  that  significant  dynamic 
stresses  in  tension  can  be  carried  by  sound  concrete.  In 


addition  to  the  data  from  laboratory  tests  mentioned  ear- 
lier, evidence  of  the  dynamic  tensile  strength  of  concrete 
was  provided  by  the  performance  of  three  dams  during 
earthquakes. 


The  ground  motion  experienced  by  Pacoima  Dam  during 
the  San  Fernando  earthquake  of  1971  must  have  been 
very  intense;  accelerations  exceeding  1  g  were  recorded 
near  the  dam.  Analyses  of  dynamic  response  of  the  dam, 
performed  at  the  University  of  California,  Berkeley,  indi- 
cated that  the  dam  must  have  developed  maximum  ten- 
sile stresses  on  the  order  of  750  psi.  Yet,  no  evidence  of 
cracking  could  be  found  on  either  face  of  the  dam. 


Analyses  of  Koyna  Dam  based  on  elastic  behavior  indi- 
cated tensile  stresses  almost  three  times  the  tensile 
strength  of  concrete,  resulting  in  significant  cracking  of 
the  dam.  However,  the  dam  survived  the  earth  quake 
without  any  sudden  release  of  water.  Perhaps  most  inter- 
esting is  the  lack  of  damage  to  Crystal  Springs  Dam— a 
curved  concrete  gravity  dam  about  1,000  feet  from  the 
San  Andreas  Fault— during  the  great  San  Francisco 
earthquake  of  1906. 


Following  the  August  1,  1975  Oroville  earthquake  of 
Magnitude  5.7,  the  Department  decided  to  evaluate  the 
effects  of  an  earthquake  of  Magnitude  6.5,  centered  ap- 
proximately 4  miles  away,  on  the  Thermalito  Powerplant 
headworks  (Figures  10  and  11).  The  ground  motion 
shown  in  Figure  8  (Part  1)  was  recommended  by  the 
DWR  Special  Consulting  Board  to  represent  the  ground 
shaking  (at  the  site)  associated  with  the  higher  magnitude 
quake. 
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Figure  9.  Pseudo-Acceleration  Response  Spectrum 
for  the  Ground  Motion  Specified  by  DWR;  Damping  =  5% 
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PART  2 

EVALUATION  OF  STRESSES  DUE  TO 

LATERAL  EARTHQUAKE  FORCES 


A  consulting  agreement  between  Dr.  Anil  K.  Chopra  and 
DWR  was  made  to  cooperatively  investigate  the  effects  of 
the  specified  earthquake;  the  results  are  shown  in  this 
chapter.  The  plan  was  to  first  use  a  simplified  approach 
to  investigate  the  earthquake  induced  stresses  in  the 
structure,  and  then  use  a  more  refined  method  of  analysis 
if  the  stresses  were  great  enough  to  warrant  it. 

In  the  re-evaluation  of  the  headworks  structure,  stresses 
due  to  static  and  seismic  conditions  were  investigated 
separately  and  in  combination.  The  concrete  stresses 
were  evaluated  on  the  basis  of  the  working  stress  method, 
disregarding  the  effect  of  the  reinforcing  steel.  The  fol- 
lowing design  criteria  were  used  in  the  re-evaluation: 


The  maximum  allowable  tensile  stresses  for  concrete 
shall  not  exceed  10  percent  of  the  ultimate  strength 
of  the  concrete.  For  this  structure  the  maximum  al- 
lowable tensile  stress  would  be  10  percent  (5,500  psi) 
=  550  psi. 

The  maximum  compressive  stress  in  the  concrete 
shall  not  exceed  45  percent  of  the  compressive 
strength:  (0.45rc  =  0.45  x  5500  =  2475  psi)  plus  a 
33-1/3  percent  increase  when  combined  with  earth- 
quake-induced forces. 

The  compressive  and  direct  shear  strength  of  the  ba- 
saltic rock  foundation  is  assumed  equivalent  to  that 
of  the  structure  concrete. 
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4.  The  maximum  shear  stress  is  not  to  exceed  1.1  Jfc  psi 

(81.6  psi)  plus  a  33-1/3  percent  increase  when  com- 
bined with  earthquake  induced  stresses. 

5.  The  maximum  confined  direct  shear  strength  of  con- 

crete shall  not  exceed  35  percent  of  the  compressive 
strength  (0.35x5,500  =  1,925 psi). 

Thermalito  Powerplant  Headworks  structure  is  a  gravity 
section  but  differs  from  the  usual  concrete  gravity  dam  in 
that  it  has  many  openings  to  enable  conveying  water 
through  it  and  controlling  the  flowing  water  by  means  of 
stop  logs  and  gates  (Figure  10).  Consequently,  in  addi- 
tion to  the  stresses  occurring  from  overturning  and  gravity 
loads  considered  in  normal  dam  design,  additional  tensile 
and  compressive  stresses  in  the  concrete  must  be  consid- 
ered. Those  stresses  are  caused  by  the  flexure  occurring 
in  the  resisting  walls  and  piers  that  transfer  the  shear  be- 


tween the  rigid  horizontal  masses  of  the  structure. 


Analysis  of  the  intake  structure  required  the  use  of  five 
horizontal  planes  to  divide  the  structure  into  five  units. 
Then  the  area  properties  of  the  five  units  were  deter- 
mined (see  Figurel2,  sheets  1-3).  The  gravity  load  and 
center  of  gravity  of  each  unit  was  then  calculated,  based 
on  (1)  the  mass  of  each  individual  unit  (Figure  13,  sheets 
1-3),  and  (2)  the  cumulative  mass  of  all  units  above  the 
horizontal  plane  being  considered  (Figure  14,  sheets 
1-4).  The  results  are  presented  in  Table  3. 

This  information  was  used  by  Dr.  Chopra  to  calculate  the 
horizontal  loads  on  the  five  individual  units  (see  Figure 
15).  DWR  used  the  information  from  Figures  12  and  15 
to  calculate  the  cumulative  moments  on  each  of  the  five 
horizontal  planes  (see  Figure  16  and  Table  4).  The  results 
shown  in  Table  3  were  used  to  arrive  at  the  data  shown  in 
Table  5. 


Figure  10.  Transverse  Section,  Unit  No.  I 


Table  3.  PkTskal  Properties  of  Black  No.  1 


Cccrdina' 

;es  to 

Center  of  Gravity 

Mass  of 

Unit 

Total  Wt.per 
Unit  KIPS 

X 

Y 

z 

1 

2645.28 

25.89' 

35.19' 

2.78' 

2 

3228.12 

24.16* 

35.37' 

11.93* 

3 

2644.80 

25.77' 

35.28' 

22.16* 

4 

16214.06 

41.55' 

35.02' 

44.40* 

5 

17360.86 
42093.12 

42.71' 

34.90' 

71.56* 

CuBulatlve 

Loads 

Coordinates  to 

Center  of  Gravity 

Plane  No. 

Total  Cumulative 
Wt.  to  Plane  KIPS 

X 

Y 

Z 

2-2 

3-3 
4-4 
5-5 

2645.28 

5873.40 

8518.20 

24732.26 
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24.94* 
25.20' 
35.92' 
38.73' 
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33.33' 

49.10* 

Neutral 

Axis 

by  Area 

I.  = 

lo  ^ 

AX2 

Plane  Ko. 

Total  Area 

(ft2) 

X 

I  (ft*) 

1-1 
2-2 

3-3 
4-4 

1783.74 
1651.37 
2140.64 
3215.20 

5500.46 

23.95' 
25.78' 
27.45' 
45.14' 
42.94' 

304614.30 

229540.59 

302996.38 

1649183.56 

3035580.12 
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1-1 

0 

5,UL&»    'A 

26J)19L71 

19JM1« 

2-2 

1.40632   ^ 

4.533.66    f^ 

154^134 

107.7?S30 

3-3 

6.696.17  '^ 

19.16195    ^ 
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302.965-05 

4-4 

121,43L65  ^ 

228X3144    ^ 

L301w899.SS 

732.CC7.99 

5-5 

L   322.67X99^ 

177.21204    ^ 

2jr7S.407.70 

1.159J5.1UX1 

"^     Indicates  direction  of  moment  on  phne  under  coreidgraPOfL 


Table  5.  Distancts  frt>iii  Neutral  .Vxis  to  Elxtmne  Fiber 


Lerel 

Fiber  (feet^ 

U/S 

ns 

1-1 

2i95 

ISJM 

2-2 

23L28 

16.41 

3-3 

2495 

1&42 

4-4 

42.64 

47.62 

5-5 

4a44 

43-06 

NOTE:  Text  continues  on  page  IS. 
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The  critical  shear-resisting  elements  in  the  headworks 
structure  occur  between  Elevations  231.20  and  209.43, 
and  between  Elevation  209.43  and  the  invert  of  the  large 
water  passage.  An  analysis  was  made  to  determine  resist- 
ing elements  between  these  two  sets  of  levels,  based  on 
the  assumption  that  the  cross-hatched  areas  (see  Figure 
17)  acted  as  rigid  diaphragms  fixing  the  ends  of  the  piers, 
with  the  inflection  point  occurring  at  mid  height  of  the 
pier  as  shown  in  Figure  18. 


M  =  P- 


H 


H 


.5d 


^       I  I 

PHd 
■'"    4/ 
where: 
I  =  moment  of  inertia  of  pier  or  wall  being  considered 

P  =  shear  transferred  between  the  diaphragms 

f  =  stress  induced  due  to  pier  flexure 

The  stresses  found  due  to  pier  flexure  were  combined  in 
the  proper  manner  with  the  stresses  found  due  to  over- 
turning and  gravity  loads. 

The  stresses  due  to  static  loads  (shown  in  Tables  6  and  7) 
are  designated  as  S  and  are  defined  as  follows: 


^^fy  ^  (M,  +  Af//)c  ^  PsHd 
A  /i  4/2 


where: 


Pv  =   self  weight  resting  on  plane  considered 
A    =  area  of  plane 

Ms  =   moment  induced  by  self  weight  about  the  pier's 
neutral  axis 

Mh  =  moment  induced  by  hydrostatic  loads  about  the 
pier's  neutral  axis 

Ps    =  load  due  to  the  hydrostatic  loads 

/i     =  moment  of  inertia  of  plane  considered 

I2    =  moment  of  inertia  of  individual  pier  under  consid- 
eration 
c    =  distance  from  the  neutral  axis  to  the  extreme  fiber 

The  stresses  due  to  dynamic  loads  (shown  in  Tables  6  and 
7)  are  designated  as  E.Q.  and  are  defined  below: 


^        h  Ah 
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where: 


Review  of  Critical  Stresses 


Pe  =  the  lateral  earthquake  loads  (contained  in  Table  2 
of  Part  I)  distributed  to  individual  resisting  shear 
elements  according  to  their  relative  rigidities. 


Me  =  the  moment  due  to  the  lateral  load  Pe  about  the 
neutral  Pe  axis  of  the  shear  element  under  con- 
sideration. 


As  can  be  seen  in  Table  6,  under  static  loading,  no  tensile 
stresses  exist  and  the  maximum  concrete  compressive 
stress  is  68  psi.  Under  static  and  dynamic  loading  condi- 
tions, including  hydrodynamic  loads,  the  maximum  con- 
crete tensile  stress  is  333  psi.  This  occurs  at  the  down- 
stream face  of  the  opening  as  shown  in  Figure  17.  The 
maximum  compressive  stress  of  432  psi,  in  Table  6  also, 
occurs  on  the  downstream  face  of  the  opening. 


In  addition  to  stresses  due  to  flexure,  overturning  and 
gravity  loads,  shear  stresses  in  the  concrete  structure  and 
base  rock  were  investigated  and  are  discussed  in  the  re- 
view of  critical  stresses. 


The  maximum  average  shear  in  the  structure  as  a  whole 
was  found  to  be  99  psi,  and  the  maximum  shear  in  any 
individual  member  was  found  to  be  113  psi. 


Table  6.  Maximum  Stresses  Including  Hydrodynamic  Effects* 


Unit  Na 

STATIC 

(S) 

E.Q 

r> 

E.Q. 

>o 

S  +  E.Q. 

r^ 

S  +  E.Q. 

^r\ 

U/S 

D/S 

U/S 

D/S 

U/S 

D/S 

U/S 

D/S 

u/s 

D/S. 

-  10.29 

-  9.64 

-  100.70 

+  104.09 

+  100.70 

-  104.09 

-  110.99 

+  94.45 

+  90.41 

-  113.73 

-  26.77 

-  23.37 

+  126.23 

-  94.06 

-  126.23 

+  94.06 

+  99.47 

-  117.43 

-  153.00 

+  70.70 

-  31.97 

-  35.20 

+  288.43 

-  300.52 

-  288.43 

+  300.52 

+  256.45 

-  335.72 

-  320.40 

+  265.32 

-  55.12 

-  A9.48 

+  355.22 

-  382.52 

-  355.22 

+  382.52 

+  300.10 

-  432.01 

-  410.34 

+  333.04 

-  38.76 

-  68. A6 

+  210.51 

-  224.15 

-  210.51 

+  224.15 

+  171.75 

-  292.60 

-  249.27 

+  155.69 

MAXIMUM  TENSILE   STRESS  -    333.04   psi 
MAXIMUM  COMPRESSIVE   STRESS  ■=   432.01  psi 


U/S    in    table    designates    upstream    face 
D/S    in    table    designates    downstream    face 


f^  Indicates    direction  of 
=      Compression 
=      Tension 


under   consideration 


Table  7.  Maximum  Stresses  Excluding  Hydrodynamic  Effects* 


Unit  No. 

STATIC 

(S) 

E.Q. 

rv 

E.Q. 

-r^ 

S  +  E.Q. 

rv 

S  +  E.Q. 

-^^ 

U/S 

D/S 

U/S 

D/S 

U/S 

D/S 

U/S 

D/S 

U/S 

D/S 

-  10.29 

-  9.6A 

-  65.78 

+  68.26 

+  65.78 

-  68.26 

-  76.07 

+  58.62 

+  55.49 

-  77.90 

-  26.77 

-  23.37 

+  87.32 

-  64.92 

-  87.32 

+  64.92 

+  60.55 

-  88.28 

-  114.08 

+  41.55 

-  31.97 

-  35.20 

+  192.24 

-  200.33 

-  192.24 

+  200.33 

+  160.27 

-  235.53 

-  224.22 

+  165.13 

-  55.12 

-  49.48 

+  195.80 

-  211.15 

-  195.80 

+  211.15 

+  140.68 

-  260.64 

-  250.92 

+  161.67 

-  38.76 

-  68.46 

+  107.24 

-  114.19 

-  107.24 

+  114.19 

+  68.48 

-  182.65 

-  146.00 

+  45.73 

MAXIMUM  TENSILE   STRESS  -    165.13   psl 
MAXIMUM  COMPRESSIVE   STRESS  =   260.64  psl 


U/S    in    table    designates    upstream    face 
D/S    in    table    designates    downstream    fact 


/^   Indicates    direction   of   moment    on    plane    under    consideration 
=      Compression 
=      Tension 


The  maximum  compressive  stress  occurring  on  the  basal- 
tic rock  foundation  was  found  to  be  301  psi,  and  the  maxi- 
mum shear  stress  in  the  rock  was  128  psi  under  combined 
static  and  dynamic  conditions. 


One  inch  of  vertical,  sympathetic  movement  has  been 
considered  credible  along  a  fault  which  lies  beneath  the 
bases  of  the  penstocks.  Although  this  may  cause  some 
cracking  of  the  penstock,  it  would  not  result  in  damage  to 
the  headworks  structure. 


An  analysis  was  made  to  investigate  the  stresses  induced 
in  the  wall  of  the  downstresim  end  of  the  water  passage 
opening  by  the  maximum  overturning  moment  on  the 
structure.  The  maximum  concrete  compressive  stress 
was  940  psi,  and  the  maximum  tensile  stress  was  460  psi. 

Conclusions 

The  stresses  predicted  by  the  analysis  are  within  the  al- 
lowable stresses  of  concrete  and  did  not  include  the  ef- 
fect of  the  reinforcing  steel.  Consideration  of  the  rein- 
forcement would  only  lower  the  stresses  in  the  concrete. 


The  traveling  gantry  crane  is.  being  provided  with  a  tie- 
down  system,  which  v«ll  be  used  during  those  periods 
when  the  crane  is  not  in  use.  This  will  allow  the  crane  to 
be  fully  operational  immediately  following  the  design 
earthquake. 


DWR  has  therefore  concluded  that  the  Thermalito 
Powerplant  headworks  structure  should  safely  withstand 
the  ground  motion  specified  by  the  Consulting  Board; 
hence  the  structure  should  present  no  hazard  to  the  gen- 
eral public  under  such  an  earthquake. 
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CHAPTER  III 

THERMALITO  AFTERBAY  DAM 

SEISMIC    EVALUATION 


1.  SUMMARY 


Conclusions 


1.  The  strengths  of  foundation  sands  are  higher  than  the 

values  used  in  the  preliminary  (1981  Report)  evalu- 
ation of  Station  107. 

2.  The  stability  of  the  dam  is  satisfactory  for  the  maxi- 

mum earthquake  shaking  anticipated.  Only  minor 
cracking  or  movements  are  predicted  for  the  postu- 
lated shaking.  As  an  extra  precaution,  a  short  reach 
of  dam,  with  a  sharp  angle  in  the  axis  alignment,  has 
been  locally  reinforced  to  supplement  resistance  to 
transverse  cracking  (see  Chapter  I). 

3.  From  a  seismic  safety  standpoint,  it  is  safe  to  restore 

full  use  of  the  reservoir,  provided  that  the  ground 
water  piezometric  level  on  the  downstream  side  of 
the  dam  is  controlled  to  prevent  its  rising  above  the 
ground  surface  for  an  extended  period.  To  comply 
with  this  provision,  a  ground  water  pressure  relief 
system  and  a  small  berm  have  been  added  in  short 
reaches  along  the  downstream  side  of  the  dam  (see 
Chapter  I). 

Background 

After  the  Oroville  Earthquake  of  August  1, 1975,  the  De- 
partment of  Water  Resources,  with  the  guidance  of  its 
Special  Consulting  Board,  decided  to  evaluate  the  seis- 
mic stability  of  critical  Oroville  Project  structures  for 
much  stronger  earthquake  shaking  than  had  been  consid- 
ered during  design. 

Thermalito  Afterbay  Dam,  completed  in  1967  at  a  loca- 
tion about  1 1  miles  west  of  Oroville  Dam,  is  one  of  these 
critical  structures.  It  is  an  8-mile-long  compacted  clay 
embankment  with  a  maximum  height  of  39  feet  founded 
on  deep  alluvium.  The  dam  creates  an  offstream  storage 
reservoir  with  a  capacity  of  57,000  acre-feet.  Its  purpose 
is  to  both  regulate  discharge  from  Thermalito  Powerplant 
for  release  back  to  the  Feather  River  and  hold  water  for 
pump-back  into  Oroville  Reservoir. 


The  dam  was  designed  in  the  early  1960's  using  standard 
practices  of  that  time.  Earthquake  effects  were  ac- 
counted for  by  including  in  the  stability  analyses  a  O.lg 
horizontal  acceleration.  Both  upstream  and  downstream 
slopes  were  analyzed  for  several  reservoir  levels.  In  most 
locations  the  foundation  was  assumed  to  be  stronger  than 
the  dam,  and  only  failure  surfaces  within  the  dam  were 
considered.  A  short  reach  of  the  dam  at  the  southeast  end 
is  founded  on  soils  which  were  considered  slightly  weaker 
than  the  embankment.  Here,  failure  surfaces  into  the 
foundation  were  analyzed.  The  minimum  safety  factor 
found  was  1.2  for  the  upstream  slope  with  a  13.5  foot 
drawdown  combined  with  the  O.lg  horizontal  accelera- 
tion. 


The  embankment  performed  well  in  all  the  shocks  of  the 
Oroville  earthquake  sequence.  There  were  no  acceler- 
ometers  at  the  dam,  but  maximum  accelerations  have 
been  estimated  at  0.09g  for  the  main  shock.  The  only  ef- 
fect of  the  earthquake  that  could  be  found  by  inspection 
was  a  longitudinal  crack  near  the  top  of  the  upstream 
slope  on  each  side  of  the  river  outlet  structure.  The  cause 
was  assumed  to  be  the  difference  in  rigidity  between  the 
embankment  and  outlet  structure.  The  cracks  were  mi- 
nor, however,  and  were  not  investigated  further. 


Although  the  embankment  performed  well  in  the  1975 
earthquake,  a  new  seismic  evaluation  was  considered  nec- 
essary because  of  the  discovery  of  closer  active  faults 
than  had  been  previously  identified,  and  the  availability 
of  new  procedures  for  making  the  evaluations.  There- 
fore, the  Department  undertook  the  investigation  de- 
scribed in  this  report  to  estimate  appropriate  earthquake 
ground  motions  and  the  consequent  behavior  of  the  dam. 
To  assist  in  the  evaluations,  the  Department  convened  a 
special  consulting  board  of  foremost  specialists  in  geol- 
ogy, seismology,  dynamic  analysis,  and  practical  dam  de- 
sign. This  board  has  provided  guidance  in  completing  the 
studies  and  has  reviewed  the  findings. 
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Concept  and  Progress  of  Investigations 

The  embankment  and  its  foundation  were  to  be  re- 
evaluated for  earthquakes  ranging  up  to  Magnitude  6.5, 
which  would  produce  much  stronger  ground  motions 
than  those  resulting  from  the  1975  Oroville  Earthquake 
of  Magnitude  5.7. 

A  basic  assumption  made  at  the  outset  by  the  Depart- 
ment was  that  the  compacted  sandy  clay  embankment  and 
the  sometimes  cemented  clayey  surface  layer  of  the  foun- 
dation would  perform  satisfactorily  during  severe  earth- 
quake shaking.  This  assumption  was  based  on  the  find- 
ings of  Seed,  Makdisi,  and  DeAlba  (1977)*,  who  studied 
the  historical  performance  of  dams  subjected  to  strong 
earthquake  shaking. 

It  was  further  assumed  that  the  main  threat  to  stability 
would  come  from  loose  foundation  sands  or  silts,  which 
might  liquefy  and  cause  a  section  of  embankment  to  slide 
out.  Therefore,  the  investigative  efforts  were  directed  to- 
ward locating  loose  soil  layers  in  the  foundation,  assess- 
ing their  liquefaction  potential,  and  evaluating  the  ef- 
fects of  foundation  liquefaction  on  stability  of  the  em- 
bankment. 

The  Department  carried  out  the  investigations  in  several 
■  stages  between  1976  and  1982.  Each  stage  consisted  of 
drilling  boreholes  into  the  foundation  to  perform  in  situ 
testing  or  to  obtain  samples  for  laboratory  tests. 
Throughout  these  stages,  analyses  were  performed  to 
predict  the  liquefaction  potential  of  the  foundation 
sands.  The  stages  of  the  evaluation  are  summarized  as 
follows: 

1976  Investigations.  Limited  field  studies  and  analyses 
confirmed  the  existence  of  potentially  liquefiable  sands 
in  the  foundation.  Explorations  used  inadequate  sam- 
pling procedures  and  incomplete  sampling  coverage  to 
properly  define  the  material  properties  necessary  for 
performing  analyses. 

1978  Investigations.  This  stage  of  the  evaluation  was  con- 
cerned with  determining  representative  material  proper- 
ties necessary  for  performing  the  analyses.  Intense  sam- 
pling and  testing  were  performed  at  four  sites  along  the 
dam's  length  (Stations  107,  173,  203,  and  281).  A  major 
discrepancy  in  the  cyclic  strengths  showed  up  during  this 


*  A  list  of  references  is  presented  at  the  end  of  Chapter  III. 


Stage.  Cyclic  triaxial  tests  made  in  the  laboratory  on 
samples  of  low  blowcount  silty  sands  indicated  twice  the 
strength  predicted  by  Standard  Penetration  Test  (SPT) 
correlations.  It  was  also  concluded  during  this  stage  that 
the  accelerogram  used  in  the  Oroville  Dam  seismic  evalu- 
ation (a„ax  =  0.6g)  was  inappropriate  because  the  After- 
bay  Dam  is  located  farther  from  the  fault  than  is  Oroville 
Dam,  and  the  foundation  is  soil  instead  of  rock. 

August  1979.  The  reservoir  elevation  was  restricted  to  a 
maximum  elevation  of  131  feet  until  it  could  be  demon- 
strated that  the  dam  was  completely  safe. 

1979-80  Investigations.  The  investigations  in  1979-80 
concentrated  on  performing  deeper  explorations  for  use 
in  selecting  appropriate  earthquake  motions  and  in  drill- 
ing additional  SPT  borings  at  1,000-foot  spacings  along 
the  length  of  the  dam.  These  additional  borings  were 
drilled  to  find  any  other  sites  with  low  SPT  resistance 
sands. 

The  testing  performed  during  the  1979-80  investigations 
provided  enough  information  to  develop  accelerograms 
appropriate  for  analyzing  the  afterbay.  The  accel- 
erograms developed  were  three  surface  motions  recorded 
at  stiff  soil  sites  during  6.5  magnitude  events,  scaled  to 
have  peak  accelerations  of  0.35g. 

One  location.  Station  107  (Site  1),  was  chosen  for  de- 
tailed analyses  because  it  had  the  most  extensive,  low 
blowcount  sand  layer  founcj.  The  height  of  the  dam  at 
Station  107  is  26  feet.  Foundation  characteristics  were 
determined  to  a  depth  of  500  feet,  and  a  series  of  one  di- 
mensional dynamic  response  analyses  was  performed. 

For  the  silty  sands  at  Station  107,  with  normalized  blow- 
counts  of  about  10,  the  cyclic  triaxial  test  strengths  were 
twice  the  values  obtained  from  published  SPT  correla- 
tions. Furthermore,  the  cyclic  triaxial  strengths  obtained 
at  Station  173  (Site  2)  with  normalized  blowcounts  of 
about  27  were  the  same  as  at  Station  107.  This  discrep- 
ancy had  been  originally  found  in  1978  and  had  not  been 
resolved.  There  was  very  little  justification  at  this  time  for 
using  the  higher  laboratory  strengths,  and  the  Depart- 
ment believed  that  the  strength  inconsistencies  might  not 
be  resolved  by  further  studies.  Therefore,  to  perform  the 
analyses,  the  Department  decided  to  use  an  intermediate 
strength  that  was  equal  to  80  percent  of  the  laboratory 
strength.  Subsequent  information  showed  this  to  be  an 
overly  conservative  decision. 

For  the  postulated  earthquake  shaking,  analyses  pre- 
dicted zones  of    liquefaction  beyond  the  embankment 
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toes  and  under  the  upstream  slope  of  the  dam.  This  ex- 
tent of  liquefaction  would  lead  to  an  upstream  slide  in  the 
embankment  and  foundation.  Because  the  SPT  borings 
indicated  other  locations  also  had  low  blowcount  founda- 
tion sands,  the  Department  estimated  that  possibly  up  to 
six  locations  might  fail  during  the  earthquake.  It  was  also 
concluded  that  the  1,000-foot  spacing  of  SPT  borings  was 
too  large  to  assure  that  all  possible  locations  where  sliding 
might  occur  were  discovered. 

1981  Final  Drqft  Report  (Presented  to  the  Board  on  Janu- 
ary 8,  1981). 

1981-82  Investigations.  This  was  the  final  stage  of  the 
evaluation  and  was  originally  intended  as  remedial  design 
investigations.  The  Department  performed  a  test  pro- 
gram, using  vibroflotation  to  density  the  foundation  silty 
sands  at  two  sites.  A  large  exploration  and  testing  pro- 
gram was  also  carried  out  in  order  to  both  identify  all  po- 
tentially weak  locations  and  to  resolve  the  discrepancy 
between  the  cyclic  triaxial  test  and  SPT  correlations.  The 
new  exploration  program  included  200  boreholes,  200 
cone  penetrometer  soundings,  130  cyclic  triaxial  tests, 
and  studies  of  the  SPT  procedures. 

The  work  carried  out  in  1981-82  at  Thermalito  Afterbay 
and  studies  published  by  Kovacs  et  al  (1981)  indicated  a 
wide  variability  in  SPT  procedures,  which  can  lead  to  dif- 
ferent results.  Studies  showed  that  the  procedures  used 
at  the  afterbay  produced  lower  blowcounts  than  would  be 
produced  using  the  procedures  considered  "standard 
American  practice."  New  data  from  Japan  published  by 
Tokimatsu  and  Yoshimi  (1981)  also  indicated  that  for 
sands  with  the  same  blowcount,  those  with  higher  silt  con- 
tent perform  better  during  earthquakes. 

Those  two  very  important  results  resolved  the  discrep- 
ancy in  the  cyclic  strengths.  The  cyclic  triaxial  strengths 
were  higher  than  previous  SPT  correlations  because  the 
low  blowcount  afterbay  sands  had  significant  amounts  of 
fines  and  because  the  SPT  procedures  used  at  the  after 
bay  produced  lower  than  "normal"  blowcounts.  In  addi- 
tion, the  laboratory  strengths  increased  for  sands  with 
higher  blowcounts— a  trend  that  was  not  found  in  1978. 

During  this  final  stage  of  investigation,  the  maximum 
spacing  between  SPT  borings  along  the  dam's  length  was 
reduced  to  250  feet.  This  survey  disclosed  21  locations 
with  potentially  liquefiable  soils  having  corrected  blow- 
counts less  than  25.  Three  locations,  representing  the 
worst  conditions  found,  were  chosen  for  detailed  analysis. 


One  of  these  three  was  Station  107,  the  site  that  was  ana- 
lyzed in  detail  in  1980.  This  site  was  reanalyzed  because 
the  new  results  justified  a  30-percent  increase  in  cyclic 
strength.  The  same  accelerograms  were  used  in  the  anal- 
yses. Evaluations  predicted  limited  amounts  of  liquefac- 
tion and  deformation,  but  failure  was  not  indicated  for 
any  location  due  to  the  postulated  earthquake  shaking. 

Summary  of  Findings 

The  investigations  have  provided  information  leading  to 
the  following  findings: 

1.  Earthquake  motions  with  maximum  accelerations  of 
0.35g  at  the  ground  surface  are  appropriate  for  use  in 
analyzing  the  seismic  stability  of  Thermalito  After- 
bay  Dam. 

2.  Vibroflotation  did  not  increase  the  SPT  N  values  or 
CPT  resistance  of  the  foundation  sand,  but  caused 
some  decreases,  particularly  underneath  the  em- 
bankment. Even  worse,  there  were  indications  that 
voids  developed  at  the  contact  between  the  top  of  the 
sand  layer  and  bottom  of  the  silt/clay  cap  (Reference 
20). 

3.  A  site-specific  correlation  was  developed  between 
the  SPT  blowcount  and  the  cyclic  triaxial  strengths  of 
recovered  afterbay  sands.  This  site  specific  strength 
relationship  defines  higher  qrclic  strengths  than  do 
pre-1981  correlations.  However,  the  strength  rela- 
tionship is  consistent  with  1981  published  correla- 
tions when  differences  in  SPT  procedures  are  ac- 
counted for. 

4.  Analyses  employing  cyclic  strengths  from  recent  SPT 
correlations  predicted  foundation  liquefaction  only 
beyond  the  toes  or  in  small  zones  beneath  the  em- 
bankment crest  for  the  three  critical  sections  ana- 
lyzed. This  is  significantly  less  liquefaction  than  was 
predicted  for  Station  107  in  the  1980  analyses. 

5.  Slope  stability  analyses  were  performed  for  condi- 
tions immediately  after  the  earthquake,  using  calcu- 
lated residual  pore  pressures  in  the  sand  layers, 
drained  strength  in  the  sand  layers,  and  undrained 
strengths  in  cohesive  materials.  The  lowest  safety 
factor  found  for  the  three  analyzed  sites  was  1.4. 

6.  Stability  analyses  for  a  very  simplified  assumption  of 
pore  pressure  redistribution  following  the  earth- 
quake yielded  a  minimum  safety  factor  against  sliding 
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of  1.3.  However,  the  1.3  value  is  extremely  conserva- 
tive because  neither  pore  pressure  dissipation  into 
underlying  dense  sand  and  gravel  layers  nor  residual 
shear  strength  of  liquefied  soils  were  taken  into  ac- 
count. 

7.  Historical  behavior  of  clay  embankments  during 
earthquakes  indicates  that  the  afterbay  embankment 
and  clay  foundation  layers  would  perform  well  dur- 
ing severe  earthquakes.  Although  failures  of  clay 
embankments  due  to  foundation  liquefaction  were 
found  in  published  accounts  of  earthquake  damage, 
the  foundations  did  not  have  strong  surface  caps  of 
silt  and  clay.  Analyses  indicate  that  the  surface  cap  at 


the  Afterbay  has  a  significant  stabilizing  effect.  Most 
of  the  failures  discussed  in  the  literature  occurred 
when  the  embankment  sank  into  or  slid  on  liquefied 
surface  soil.  The  literature  contained  no  examples  of 
a  clay  embankment  founded  on  a  strong  intact  cap 
developing  a  failure  during  or  immediately  after  an 
earthquake. 

Pre-earthquake  groundwater  piezometric  levels 
equal  to  the  downstream  ground  surfaces  were  the 
highest  levels  considered  in  the  seismic  evaluation 
studies.  The  predicted  satisfactory  performance  de- 
pends on  keeping  the  groundwater  surface  below 
ground  surface. 


2.  DESCRIPTION  OF  DAM  AND  FOUNDATION 


General 

Thermalito  Afterbay  is  a  shallow  offstream  reservoir 
with  a  capacity  of  57,040  acre-feet,  contained  by  Ther- 
malito Afterbay  Dam  on  the  south  and  west  and  by  higher 
natural  ground  on  the  north  and  east.  Water  flows  from 
Thermalito  Forebay  through  Thermalito  Powerplant, 
into  the  tail  channel  and  then  into  the  afterbay  on  the 
generating  cycle  and  reverses  during  the  pumping  cycle 
(Figure  19).  The  afterbay  has  a  maximum  operating  sur- 
face of  Elevation  136.5  feet  and  a  minimum  operating 
elevation  of  124  feet.  In  addition  to  the  main  dam,  there 
is  a  12-foot-high  saddle  dam  about  1,000  feet-long  at  the 
northwest  comer  of  the  reservoir.  Pertinent  statistics  re- 
lating to  the  main  dam  are  presented  in  Table  8. 


Table  8 
Thermalito  Afterbay  Dam  Statistics 


Embankment  crest  length: 

8  miles 

Embankment  volume: 

5  million  yards^ 

Maximum  height: 

39  feet 

Average  height: 

24  feet 

Crest  width: 

30  feet 

Crest  elevation: 

142  feet 

Freeboard,  maximum  operating 

surface:   5.5  feet 

Embankment 
Embankment  Design 

There  are  two  different  cross  section—  one  on  Red  Bluff 
formation,  and  the  other  on    Columbia  Soil  (one  mile 


length  at  the  southeast  end).  Both  are  essentially  homo- 
geneous sections  of  compacted  sandy  clay. 


The  section  on  the  Red  Bluff  Formation  has  a  horizontal 
drain  blanket  under  the  downstream  slope  (Figure  20). 
Side  slopes  are  3  to  1  upstream  and  2.5  to  1  downstream. 
The  upstream  slope  protection  consists  of  an  8-foot  hori- 
zontal thickness  of  riprap  overlying  an  8-foot  horizontal 
thickness  of  Zone  3  bedding.  The  downstream  slope  fac- 
ing is  a  10-foot  horizontal  thickness  of  gravel.  A  shallow 
foundation  trench  is  provided  just  upstream  of  the  dam 
axis.  The  blanket  drain,  which  extends  from  the  down- 
stream toe  half  way  to  the  dam  axis,  is  a  1.5-foot-thick 
layer  of  Zone  3  drain  material  sandwiched  between 
1-foot  layers  of  select  Zone  lA  filter.  A  3-foot-thick, 
100-foot-wide  blanket  of  Zone  lA  compacted  material 
extends  upstream  from  the  toe  in  locations  where  the 
foundation  trench  would  not  bottom  on  impervious  mate- 
rial at  a  depth  of  less  than  10  feet.  In  these  locations  the 
trench  extended  only  5  feet  deep.  Approximately  9,200 
feet  of  the  afterbay  foundation  trench  encountered  con- 
ditions requiring  upstream  blanketing  (Figure  21). 


The  section  on  the  Columbia  soil  foundation  has  the 
Oroville- Willows  road  relocation  incorporated  into  the 
downstream  slope  on  an  55-foot-wide  berm.  No  founda- 
tion trench  or  blanket  drain  is  provided,  but  the  top  3  feet 
of  foundation  was  stripped  out  beneath  the  dam  and  100 
feet  upstream.  The  resulting  surface  was  scarified,  moi- 
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Figure  19.  Vicinity  Map  of  Thermalilo  Aflerbay 
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MAXIMUM    SECTION 


RED    BLUFF    FORK 


■OUNDATION 


-i   CBE5T  OF  0AM 


TYPICAL   SECTION 
COLUMBIA     SOIL-FOUNDATION 


COMBINED    DAM   AND    OROVII 


LOWS    ROAD 


Figure  20.  Typical  Embankment  Sections  for  Thermalito  Afierbay 

sture-conditioned,  compacted,  and  covered  with  a  3-foot         area,  with  the  rest  from  -State  Borrow  Area  Z  and  op- 
Zone  lA  blanket.  tional    borrow  areas. 


Embankment  Materials 

Tables  9  and  10  show  the  engineering  properties  of  the 
embankment  materials. 

Zone  lA,  the  main  section  of  the  dam,  consists  of  sand- 
silt-clay  mixtures  from  the  mandatory  afterbay  excava- 
tions and  contractor-selected  channel  extension  borrow 
areas.  Select  Zone  lA  from  the  tail  channel  was  used  as 
filter  layers  for  the  blanket  drain. 

Zone  3  comprises  sandy,  coarse  dredge  tailings  from  the 
Oroville  Dam  reserve  pervious  borrow  area,  State  Bor- 
row Area  Z.  This  material  was  used  as  riprap  bedding 
and  as  the  drain  layer  in  the  blanket  drain. 

The  majority  of  Zone  4A,  the  downstream  slope  protec- 
tion, was  gravel  obtained  from  the  River  Outlet  Structure 


Riprap  was  obtained  from  Power  Canal  and  Oroville 
Spillway  stockpiles  and  from  the  Cherokee  Mine  borrow 
area.  The  Cherokee  Mine  material  consisted  of  rounded 
and  poorly  graded  cobbles  and  boulders  and  therefore 
was  mixed  with  rock  from  other  sources  or  placed  in  areas 
not  subject  to  severe  wave  action. 

Foundation 

The  afterbay  is  generally  underlain  by  Red  Bluff  Forma- 
tion except  in  the  Columbia  Soil  area  in  the  southeast  cor- 
ner. The  Red  Bluff  deposits  are  fluvial  (stream  depos- 
ited) sediments,  probably  laid  down  by  the  ancestral 
Feather  River.  Owing  to  shifting  stream  courses  and 
varying  depositional  conditions,  a  discontinuous  mixture 
of  clays,  silt,  sUty  sands  and  sandy  gravels  has  accumulated 
over  the  years.  Because  of  the  erratic  arrangement  of  the 
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Table  9.  Embankment  Materials  ProDertJes-Desien  Values 

SeU 
Qassirication 

"Draiwd" 
Shear 
Streneth 

Density  focf) 

NiimlM>rnrT<>«ts 

Compression 

ZoBe 

e  1  c-Tsf 

Dry    1      Moist       |            Sat. 

Shear 

lA 

SC-CL 

30 

0.15 

117 

134 

137 

3 

GP 

45 

0 

155 

161 

165 

4A 

GP 

40 

0 

150 

155 

161 

Riprap 

Columbia  SoU  Area 

45 

0 

120 

122 

140 

Sutter  Butte  Outlet 
to  River  Outlet 

30 

0.10 

96 

122 

124 

River  Outlet 
to  Western  Canal 

26 

0.05 

96 

122 

124 

•Properties  assumed  the  same  as  Oroville  Dam  Zone  2. 
"From  Oroville  Dam  Design. 


Figure  21.  Thenrudito  Afierbcrf  Dam  Alignment  and  Reservoir  Area 
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Table  10.  Embankment  Materials  Properties— As-Built  Values 


Average 

Field  Dry  Density 

Moisture 
Content 

Average 
Compaction 

max 

avg 

mm 

Number  of 

Zone 

Class 

pcf 

pcf 

pcf 

% 

% 

Tests 

lA 

CL 

133 

107 

76 

w^-0.1 

97                         1108 

3 

GP 

155 

142 

130 

2.0 

94                            48 

4A 

GP 

138 

1.9 

96                             12 

Columbia  Soil 

Area  0-12  in. 

Before 

Construction 

97 

14.8 

After 

Construction 

111 

12.8 
(Wo=  13.5) 

Columbia  SoU 

Area  12-24  in 

Before 

Construction 

92 

16.2 

Note:  wr    denotes  optimum 

After  Construction 

110 

14.3 

o                  *^ 
moisture  content. 

(w^=  14.3) 

various  lenses  of  sediments,  aquifer  conditions  vary 
widely  throughout  the  area.  The  aquifer  system  in  the 
area  of  the  afterbay  showed  piezometric  levels  of  10  to  15 
feet  below  the  ground  surface  prior  to  reservoir  filling.  In 
general,  this  system  is  capped  at  the  surface  by  a  mixture 
of  hardpan  layers  and  slightly  permeable  weathered-in- 
place  clays  and  silts. 

Locally,  streams  have  eroded  through  the  surficial  weath- 
ered zones  and  deposited  unconsolidated  fine-to  coarse- 
grained alluvium  (Qai )  in  the  stream  channels.  Approxi- 
mately 150  acres  of  recent  alluvium  known  as  the  Colum- 
bia Soil  area  lies  within  the  afterbay  limits  at  the  south- 
east comer.  Most  of  the  Columbia  Soil  is  underlain  at  10 
to  15  feet  by  recent  alluvium  composed  of  relatively  clean 
sand  and  gravel. 

Older  consolidated  sediments  (identified  as  the  Mehrten 
Formation)  lie  immediately  beneath  the  Red  Bluff  For- 
mation and  adjacent  alluvial  soils.  The  surface  of  the 
Mehrten  Formation  is  probably  erosional  and  slopes  gen- 
tly to  the  northwest. 

Construction  and  Reservoir  Filling 

A  great  variety  of  soil  types  were  exposed  during  founda- 
tion preparation  for  the  dam.  Clean  sand  and  minor  local 
gravel  required  special  treatment.  In  the  Red  Bluff  foun- 


dation materials,  the  100-foot  upstream  clay  blanket  was 
constructed  where  sand  or  gravel  were  found  to  extend 
deeper  than  the  foundation  trench.  The  Columbia  Soil 
area,  which  is  underlain  by  gravel,  was  stripped  to  a  3-foot 
depth,  scarified,  moisture  conditioned  and  compacted 
with  four  passes  of  a  pneumatic  roller  over  four  passes  of 
a  tamping  roller. 

Initial  storage  in  the  afterbay  began  in  November  1967. 
The  water  level  was  brought  to  Elevation  127  feet  during 
December  1967  and  January  1968.  In  early  January, 
water  levels  in  piezometers  along  Highway  99E  began 
rising  at  a  rapid  rate  and  had  reached  ground  level  in  some 
areas  by  early  February. 

In  early  February  1968,  the  afterbay  water  surface  was 
lowered  to  Elevation  123  feet.  Exposed  sand  areas  in 
Channel  A  extension.  Borrow  Area  X,  Channel  C,  and 
Channel  C  extension  were  located  and  delineated.  The 
sand  zones  covered  larger  areas  than  had  been  mapped  in 
1966.  Apparently,  subsequent  borrow  operations  had  en- 
larged the  sand  exposures. 

Two  shallow  6-inch  wells  were  drilled  at  the  toe  of  the 
dam  in  the  wettest  areas.  Pump  tests  on  these  wells 
yielded  aquifer  permeabilities  much  greater  than  those 
determined  during  design  exploration.  A  study  of  geo- 
logic, construction,  and  piezometric  data  indicated  that 
the  most  probable  sources  were  the  channel  excavations 
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on  the  east  side  of  the  afterbay.  Therefore,  in  late  Febru- 
ary 1968,  the  afterbay  water  surface  was  dropped  to  the 
lowest  possible  level  without  pumping,  Elevation  119 
feet,  and  an  attempt  was  made  to  seal  suspected  sources 
of  seepage.  Channel  A  extension  and  the  pervious  por- 
tion of  Channel  D  were  blanketed  with  1.0  foot  of  com- 
pacted impervious  borrow.  Dry  bentonite  was  spread, 
mixed,  and  rolled  on  the  surface  of  the  sandy  areas  of  Bor- 
row Area  X  and  Channel  C  extension  above  water  level. 
A  bentonite  slurry  was  pumped  over  submerged  sandy 
areas.  An  attempt  was  made  to  place  bentonite  slurry 
over  sand  and  gravel  areas  in  the  tail  channel,  but  this 
operation  was  not  completed  due  to  spring  rains. 


The  afterbay  was  then  filled  to  Elevation  126  feet  in 
March  1968.  The  ground  water  levels  again  rose  to  the 
ground  surface  in  some  locations.  Because  of  power-pro- 
duction requirements  and  agricultural-water  delivery 
obligations,  the  reservoir  surface  was  not  lowered  again  to 
attempt  sealing  of  exposed  pervious  areas. 

The  problem  of  the  high  downstream  water  levels  was 
solved  in  1969  by  the  installation  of  a  system  of  15  irriga- 
tion-type wells.  The  afterbay  water  level  was  raised  in 
stages  to  the  maximum.  Elevation  136.5  feet  in  May 
1969.  At  full  reservoir,  14  of  the  15  pumps  operated  con- 
tinuously, producing  a  total  steady  flow  of  45  cubic  feet 
per  second. 


3.  EXPLORATION,  SAMPLING,  FIELD,  AND  LABORATORY  TESTING 


Previous  Foundation  Exploration  and  Testing 


Drill  logs  were  available  for  approximately  100  auger 
holes  and  20  rotary  borings  located  within  a  600-foot 
strip  centered  on  the  dam  axis.The  auger  holes— hand, 
flight,  spin,  and  bucket— were  primarily  drilled  before 
and  during  construction  and  ranged  from  10  to  90  feet 
deep.  The  rotary  holes  were  drilled  generally  in  conjunc- 
tion with  the  installation  of  the  relief  wells  and  ranged 
from  50  to  150  feet  deep. 

These  previous  holes  were  drilled  primarily  for  the  pur- 
poses of  logging,  permeability  testing,  and  piezometer 
testing.  There  was  little  sampling  and  no  Standard  Pene- 
tration Testing  performed. 

1976  Drilling,  Sampling,  and  Testing 

In  the  spring  of  1976,  eight  rotary  borings  were  made 
along  the  toe  of  the  embankment,  five  along  the  west  side 
and  three  along  the  south  side.  The  borings  are  identified 
as  boreholes  D-1  toD-8.  These  borings,  ranging  from  16 
to  26  feet  in  depth,  were  generally  drilled  with  a  5-inch 
Pitcher  barrel  using  drill  mud.  Fourteen  samples  were  ob- 
tained with  a  2.5-inch  ID  thick-wall  sampler  (area  ratio 
=  0.56),  mainly  in  suspect  layers  of  sands  and  silty  sands. 

Thirteen  Standard  Penetration  tests  were  also  conducted. 
In  most  cases  the  testing  was  carried  out  immediately  be- 
low sampling  intervals.  Measured  penetration  resistance 
varied  from  7  to  50  blows  per  foot.  It  is  unclear,  however, 
whether  the  testing  was  conducted  with  a  cathead-rope 
system  or  with  a  cable  lift-clutch  system. 


Cyclic  triaxial  tests  were  run  on  10  push  sample  speci- 
mens. Test  specimens  were  extruded  from  sample  tubes 
and  trimmed  to  a  5-inch  length  to  give  a  specimen  height- 
to-diameter  ratio  of  2.  Eight  specimens  were  classified  as 
silty  sand  and  two  were  classified  as  silt.  Measured  dry 
densities  ranged  from  66  to  99  Ib/ft^  .  The  testing  was 
performed  at  the  Department  of  Water  Resources  Soils 
Laboratory.  Tests  were  conducted  at  isotropically  con- 
solidated conditions  for  two  values  of  consolidation 
stress— 1  and  3  ksc  . 

1978  Drilling,  Sampling,  and  Testing 

The  1976  explorations  confirmed  the  existence  of  a  highly 
lenticular  foundation  and  the  presence  of  substantial  and 
potentially  liquefiable  sand  layers.  However,  the  cyclic 
strength  results  from  the  1976  samples  were  considered 
unreliable  due  to  the  high  probability  of  severe  sample 
disturbance  by  the  thick-walled  sampler.  In  addition, 
measured  SPT  penetration  resistance  was  questioned  be- 
cause of  possible  disturbance  in  borings  by  sampling  pro- 
cedures and  incomplete  records  of  test  details. 


The  preliminary  liquefaction  analyses  conducted  in  1976 
showed  that  additional  information  was  required  to  per- 
form an  adequate  study.  The  required  information  in- 
cluded knowledge  of  static  shear  strength  of  the  embank- 
ment and  foundation,  representative  cyclic  strength  of 
foundation  sands,  in  situ  soil  moduli,  soil  depth  to  bed- 
rock surface,  and  soil  classification.  To  obtain  this  infor- 
mation, 27  borings  were  completed  during  the  summer  of 
1978,  with  sampling  and  field  testing  as  follows: 


1.  Concentrated  exploration  conducted  at  four  sites 
judged  from  previous  borehole  logs  to  have  the  most 
extensive  shallow  sand  layers: 


Sitel 

(Station  107) 
(6  borings) 

Boreholes  TASl  ■ 

-IE 

Site  2 

(Station  173) 
(13  borings) 

Boreholes  TAS  2 

-2M 

Site  3 

(Station  203) 
(6  borings) 

Boreholes  TAS  3- 

-3E 

Site  4 

(Station  281) 
(2  borings) 

BoreholesTAS4 

-4A 

2.  At  each  of  the  four  sites,  at  least  one  borehole 
through  the  embankment  and  into  the  foundation 
was  drilled  to  obtain  "undisturbed"  samples  of  the 
embankment  and  foundation  materials.  Additional 
borings  at  the  toe  were  made  as  necessary  to  obtain 
the  best  "undisturbed"  samples  from  the  sand  layers 
and  for  performing  Standard  Penetration  Testing. 

3.  At  each  site,  downhole  shear  wave  velocity  tests  were 
performed  in  both  the  embankment  boring  and  a 
foundation  boring  at  the  toe. 

4.  At  Stations  107  and  173  (Sites  1  and  2),  standpipe 
piezometers  were  installed  in  an  embankment  boring 
and  in  a  foundation  boring  at  the  toe.  Another  stand- 
pipe  piezometer  was  installed  in  the  embankment 
boring  at  Station  203  (Site  3). 

5.  At  Station  173  (Site  2)  on  the  west  side  of  the  after- 
bay,  a  seismic  refraction  survey  was  performed  to 
determine  if  bedrock  is  within  a  500-foot  depth. 

1978  Standard  Penetration  Testing 

Standard  Penetration  Tests  were  carried  out  in  boreholes 
near  the  downstream  toe  at  the  four  sites.  Tests  were  per- 
formed at  about  4-foot-depth  intervals.  Borings  were  ad- 
vanced by  rotary  drilling  with  a  5-or  6-inch  tricone  bit  us- 
ing bentonite  drilling  mud.  A  tricone  bit  was  used  be- 
cause it  deflected  most  of  the  drilling  fluid  to  the  side  of 
the  hole  rather  than  toward  the  bottom.  During  the  drill- 
ing of  the  last  6  inches  of  the  hole,  mud  flow  was  reduced 
to  minimize  disturbance.  After  drilling  was  completed, 
mud  was  circulated  for  several  minutes  prior  to  sampling 
to  remove  any  remaining  cuttings. 


The  SPT  utilized  a  140-pound  safety  hammer  falling  30 
inches.  For  most  tests,  a  1-inch  manila  rope,  wrapped 
twice  around  a  rotating  cathead,  vras  used  in  the  raising 
and  releasing  of  the  hammer  (Figure  22).  However,  in 
some  borings,  a  cable  lift-clutch  release  system  (safe-T- 
driver)  was  used  in  raising  and  dropping  the  hammer.  The 
tests  also  employed  a  Caltrans  split  spoon  sampler  (shoe 
I.D.  =  1-5/16  inches,  barrel  I.D.  =  1-3/8  inches)  and  A 
rods. 

Penetration  resistance  was  determined  by  counting  the 
number  of  hammer  drops  required  for  the  samples  to 
penetrate  18  inches.  The  penetration  resistance,  or  N 
value,  equaled  the  number  of  blows  counted  during  the 
last  12  inches  of  penetration. 

Gradation  and  density  tests  were  performed  on  all  SPT 
samples.  Gradation  results  were  used  to  classify  the  ma- 
terials in  the  foundation  in  general,  and  to  relate 
strength-test  samples  to  each  other  and  to  the  various 
types  of  soUs  in  the  foundation.  Atterberg  limits  and  spe- 
cific gravity  tests  were  run  as  needed  to  classify  fine- 
grained soils  and  to  determine  void  ratios. 

1978  <<Undisturbed"  Sampling 

"Undisturbed"  samples  were  obtained  in  different 
borings  than  the  ones  with  SPT.  "Undisturbed"  clay  sam- 
ples were  generally  obtained  with  a  Pitcher  barrel  using 
36-inch  lengths  of  3-inchTdiameter  Shelby  tubes.  Al- 
though a  few  sands  with  high  silt  contents  were  sampled 
by  a  straight  Shelby  push,  most  sands  were  sampled  with  a 
stationary  piston  sampler.  Piston  samples  were  usually 
obtained  within  50  feet  of  an  SPT  boring. 

Borings  were  advanced  in  the  same  way  as  described  for 
Standard  Penetration  Testing.  After  the  drill  bit  was  re- 
moved, the  piston  sampler  was  inserted  in  the  hole.  The 
sampler  utilized  20-  and  24-inch  lengths  of  3-inch-di- 
ameter  Shelby  tubes.  When  the  sampler  was  flush  with 
the  bottom  of  the  hole,  the  piston  rod  was  clamped  to  the 
drill  rig  and  the  Shelby  tube  was  pushed  into  the  sand.  A 
beveled  E-rod  was  then  jetted  down  beside  the  sample 
tube  to  the  bottom  of  the  sample  depth  (Figure  23).  The 
sampler  was  then  raised  two  feet  as  slowly  as  possible 
while  at  the  same  time  drilling  mud  was  pumped  down 
the  small  rod  to  occupy  the  space  vacated  by  the  sample 
(Figures  23  and  24). 

The  sampler  was  lifted  to  the  surface  by  a  hydraulic  drive 
system  instead  of  a  winch  and  cable.  Before  the  bottom  of 
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140-Pound  SPT  Hammer 
(NOTE:  Drilling  Mud  Recirculation  in  Background) 


SPT  Testing  Using  Cathead 
and  Manila  Rope 


Figure  22.  1978  Standard  Penetration  Testing  at  Thermalito  Afterbay 


the  sample  tube  cleared  the  surface  of  the  drill  mud,  the 
geologist  reached  down  and  dug  out  enough  soil  from  the 
tip  to  insert  a  porous  stone  flush  with  the  tube  bottom.  A 
red  plastic  cap  punched  with  holes  for  drainage  was  then 
placed  over  the  end  of  the  tube  and  the  sampler  was 
raised  out  of  the  borehole. 


piston  suction  and  the  tube  was  removed  from  the  sam- 
pler. The  top  was  then  stuffed  with  either  wet  rags  or 
lengths  of  wooden  spacers  and  then  capped  with  a  perfo- 
rated plastic  cap.  The  samples  were  allowed  to  drain  in 
their  vertical  positions  for  several  hours  before  shipment 
to  the  lab. 


After  the  sampler  was  unthreaded  from  the  rod,  any  ex- 
cess drill  mud  that  had  collected  in  the  top  of  the  sample 
tube  was  removed  by  carefully  rotating  the  tube  to  a  hori- 
zontal position  and  rinsing  it  with  water  with  a  wash  bot- 
tle. The  sample  was  then  rotated  back  to  the  original  ver- 
tical position.  Next,  the  valve  was  opened  to  release  the 


Samples  were  shipped  to  the  lab  in  padded  wooden  boxes, 
which  allowed  the  tubes  to  remain  upright.  After  arrival 
at  the  lab,  the  samples  were  kept  upright  until  testing. 
Samples  were  generally  extruded  directly  from  the  tubes 
(no  sawing),  encased  in  a  rubber  membrane,  and  moved 
into  the  triaxial  cell.  In  a  few  cases,  for  sands  with  high  silt 


r^ 


IK 


®  © 

ADVANCE  BORING  AND  CLEAN  OUT  PLACEMENT   OF  SAMPLER 


CIRCULATED   FOR    SEVERAL 
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SHELBY   TUBE    INSERTION  INSERTION  OF  VACUUM  BREAKER  SAMPLER  REMOVAL 


Figure  23.  1978  Procedure  Used  in  Obtaining  Undisturbed  Samples  of  Thermaiito  Aftethay  Sands 


content,  the  tubes  were  first  sawed  into  sections.  Diame- 
ter measurements  with  a  pi  tape  at  top,  middle,  and  bot- 
tom generally  showed  no  slumping. 


blowcounts  determined  in  the  field.  Relative  density 
tests  were  also  carried  out  for  many  of  the  "undisturbed" 
sand  samples. 


Static  triaxial  compression  tests  were  run  on  18  "undis- 
turbed" specimens  of  embankment  and  foundation  silts 
and  clays  from  the  four  sites  drilled,  and  on  three  speci- 
mens of  foundation  sand  from  Site  1.  Stress-controlled 
cyclic  triaxial  tests  were  run  on  33  isotropically-consoli- 
dated  specimens  of  foundation  sands  from  Stations  107 
and  173  (Sites  1  and  2).  Tests  were  also  performed  on 
remolded  specimens,  which  were  prepared  to  the  same 
density  by  pluviation.  A  few  of  these  test  specimens  were 
subjected,  prior  to  testing,  to  25,  60,  and  120  (ycles  of 
low-level  cyclic  stresses.  The  specimens  were  allowed  to 
dissipate  excess  pore  pressures  before  the  actual  testing. 

Gradation  and  density  tests  were  run  on  all  triaxial  sam- 
ples to  relate  sample  strengths  to  each  other  and  to  the 


Downhole  Shear  Wave  Velocity  Testing 
and  Seismic  Refraction  Survey 


Downhole  shear-wave  velocity  tests  were  generally  con- 
ducted the  day  after  completion  of  a  boring.  The  holes 
were  uncased  and  usually  partially  or  completely  filled 
with  drill  mud.  The  tests  were  carried  out  by  Caltrans 
personnel  using  the  same  techniques  that  were  later  used 
in  downhole  measurements  made  in  1979  (Figure  25).  A 
wooden  plank  and  hammer  were  used  to  generate  SH 
waves.  A  probe  containing  three  geophones  was  lowered 
in  5-foot  increments.  Within  the  probe,  one  geophone 
was  oriented  vertically,  and  the  other  two  were  oriented 
horizontally. 
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Capped  Shelby  Tubes  Allowed  to 
Drain  Before  Shipment  to  Lab 

Figure  24.  1978  Sampling  of  Thermalilo  Aflerbay  Sand  Layers 
-  45  - 


Capped  Tubes  in  Shipping  Box 


The  usual  field  procedure  was  to  position  the  probe  at  the 
proper  level  within  the  hole  and  then  force  it  against  the 
side  of  the  hole  with  an  inflatable  bladder.  The  plank, 
generally  placed  about  10  feet  away  from  the  hole  and 
weighted  by  a  vehicle,  was  struck  horizontally  on  one  or 
both  ends  with  a  wooden  mallet  to  generate  the  shear 
waves.  A  vertical  blow  or  blows  was  also  struck  on  the 
ground  near  the  end  of  the  plank  in  order  to  obtain  com- 


pression wave  arrival  times.  A  signal  recorder/plotter 
with  a  memory  was  used  to  record  and  enhance  wave  arri- 
vals at  the  geophones. 

The  seismic  refraction  survey  carried  out  at  Station  173 
(Site  2)  was  conducted  to  determine  if  the  Sierran  base- 
ment bedrock  was  within  approximately  500  feet  of  the 
ground  surface.  A  linear  array  of  geophones  was  laid  out 


Downhole  Shear  Wave  Velocity 
Testing  in  Borehole  79-1078 


Cal  Trans  Personnel  Using  Hammer  and  Plank  Method 
in  Downhole  Shear  Wave  Velocity  Tests 


Woodward-Clyde  Consultants 

Downhole  Hammer  Used  in 

Crosshole  Shear  Wave 

Velocity  Testing 


Downhole  Hammer  Being 
Lowered  into  Cased  Borehole 

Figure  25. 1979-80  Shear  Wave  Velocity  Testing  at  ThermaUto  Afterbay  Station  107  (Site-1) 
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in  shallow  boreholes  at  a  45-foot  spacing  along  the  em- 
bankment downstream  toe.  The  energy  source  consisted 
of  chemical  explosives  in  a  shallow  borehole.  The  total 
length  of  the  array  was  1980  feet  and  was  run  in  five  seg- 
ments. The  results  of  the  refraction  study  indicated  that 
the  minimum  depth  to  bedrock  is  at  least  500  feet. 

1979-80  Investigations 

Dynamic  analyses  completed  by  spring  1979  indicated 
that  Station  107  (Site  1)  might  liquefy  if  the  Oroville 
Reanalysis  Earthquake  (ainax  =  0.6g)  were  used  as  the 
expected  motion  at  the  site.  However,  re-evaluation  of 
this  motion  indicated  that  it  was  not  appropriate  for  use  in 
analyzing  Thermalito  Afterbay  Dam.  To  determine  an 
appropriate  motion,  additional  studies  were  necessary  at 
considerable  depth.  The  Special  Consulting  Board  for 
the  Oroville  Earthquake  recommended  specific  studies 
for  investigating  the  material  properties  at  depth.  The 
Board  also  recommended  that  additional  SPT  testing  be 
carried  out  at  Station  107  (Site  1)  to  aid  in  the  evaluation 
of  liquefaction  potential  beneath  the  dam.  The  Board 
went  on  to  recommend  that  the  embankment  foundation 
in  the  Columbia  Soil  area  also  be  examined  for  liquefac- 
tion potential. 

The  1979-80  explorations  consisted  of  the  following: 

1.  Drilling  three  deep  borings  (300  to  500  feet  deep)  at 
Station  107(Site  1)  and  one  moderately  deep  boring 
(150  feet  deep)  at  Station  300. 

2.  Performing  crosshole  and  downhole  shear-wave  ve- 
locity testing  in  the  deep  borings  at  Station  107  (Site 
!)• 

3.  Drilling  ten  additional  SPT  borings  at  the  toe  and  at 
the  crest  between  Stations  102  and  112  to  define  the 
limits  of  the  low  blowcount  sands  at  Site  1. 

4.  Drilling  29  additional  shallow  SPT  borings  (40-foot 
depths)  into  the  Red  Bluff  Formation  along  the 
length  of  the  dam  to  give  a  maximum  spacing  of  1,000 
feet  between  SPT  borings. 

5.  Drilling  three  Pitcher  barrel  sampling  borings  in  the 
Columbia  Soil  area  (Stations  351,  361,  and  378). 

Deep  Foundation  Borings 

Station  107  (Site  1)  had  been  previously  identified  as 
probably  the  weakest  foundation  along  the  afterbay.  This 


was  indicated  by  the  low  penetration  resistances  found  at 
the  site.  Therefore,  much  of  the  additional  investigations 
were  targeted  at  this  location.  A  deep  boring  was  drilled 
about  120  feet  downstream  of  the  embankment  toe.  It 
was  drilled  to  a  depth  of  505  feet.  In  addition,  two 
300-foot  holes  were  drilled  straddling  the  first  deep  hole 
for  the  purpose  of  conducting  crosshole  shear-wave  ve- 
locity testing. 

Disturbed  sampling  and  logging  were  carried  out  in  all 
three  holes.  Drilling  was  carried  out  with  a  5-inch  tricone 
bit.  Disturbed  sampling  was  conducted  with  the  Caltrans 
SPT  split  spoon  sampler  until  sandstone  was  encoun- 
tered at  about  a  190-foot  depth.  Below  this  depth  an  NX 
core  barrel  with  a  diamond  bit  was  used  to  obtain  samples. 
After  the  desired  depth  was  reached,  the  hole  was  reamed 
and  expanded  to  about  an  8.5-inch  diameter.  A  PVC  cas- 
ing with  a  4-1/4-inch  inside  diameter  was  then  inserted 
and  grouted  into  place  with  a  low  seismic-velocity  grout. 

The  boring  at  Station  300  was  carried  out  in  the  same 
manner  except  that  the  SPT  split-spoon  was  terminated 
and  intermittent  NX  coring  and  tricone  drilling  com- 
menced at  a  depth  of  85  feet.  Since  no  shear-wave  veloc- 
ity tests  were  to  be  performed  in  this  boring,  no  casing 
was  installed. 

1979-80  Shear  Wave  Velocity  Tests 

Downhole  shear  wave  velocity  tests  were  conducted  by 
Caltrans  personnel  using  the  same  basic  techniques  em- 
ployed in  the  1978  downhole  tests.  Crosshole  shear-wave 
velocity  tests  were  performed  by  Woodward-Clyde  Con- 
sultants staff.  A  downhole  hammer  was  inserted  into  one 
of  the  end  boreholes,  and  geophones  were  placed  in  the 
other  two  holes  (Figure  25).  Tests  were  carried  out  at 
5-foot  depth  increments.  The  process  was  repeated,  but 
with  the  hammer  located  in  the  other  end  borehole.  The 
boreholes  were  surveyed  to  obtain  precise  distances  be- 
tween the  holes  at  different  elevations. 

1979-80  Standard  Penetration  Testing  and 
Pitcher  Barrel  Sampling 


Standard  Penetration  Testing  performed  in  1979-80  was 
carried  out  using  the  same  methods  employed  during  the 
1978  program.  The  two  exceptions  were  that  only  the 
rope  and  cathead  system  was  used  in  1979-80,  and  the 
testing  interval  was  generally  about  3  feet  instead  of  4  feet 
(Figure  26).  All  SPT  samples  were  subjected  to  grada- 
tion and/or  Atterberg  limit  testing. 
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Figure  26.  Typical  Sampling  Intervals 


1981-82  Investigations 

In  previous  explorations,  drilling  was  carried  out  by 
Caltrans  personnel  and  equipment.  However,  the  size  of 
the  1981-82  program  necessitated  contracting  with  a  pri- 
vate drilling  company.  The  contract  driller.  Continental 
Drilling  Company,  used  four  Mobile  B-61  drill  rigs,  each 
supervised  by  a  DWR  geologist.  Drilling  began  in  July 
1981  and  was  completed  in  April  1982. 

The  investigations  consisted  of  223  SPT  borings,  26 
borings  for  piston  sampling  of  sands,  and  211  electrical 
cone  penetrometer  (CPT)  soundings.  The  purpose  of 
these  investigations  was  to  identify  all  sites  with  loose 
foundation  soils,  which  might  liquefy  and  cause  failure  of 
the  dam  (suspect  sites),  and  to  delimit  the  extent  of  each 
suspect  site. 

Initial  SPT  borings  were  spaced  at  250-foot  intervals 
along  the  dam.  Based  on  preliminary,  conservative  crite- 
ria, 21  suspect  sites  were  identified.  The  extent  of  these 
sites  was  determined  by  additional,  closer-spaced  SPT 
borings  and/or  CPT  soundings. 

Two  correlations  were  developed— one  to  relate  SPT  to 
CPT,  and  one  to  relate  SPT  to  cyclic  strengths  of  piston 
samples.  To  obtain  reliable  data  for  these  correlations. 


many  tests  and  samples  were  required  from  closely 
spaced  borings  and  soundings. 

At  the  beginning  of  the  investigations,  each  drill  rig  and 
crew  made  a  SPT  boring  around  two  SPT  borings  made 
previously  by  Caltrans  personnel.  The  purpose  of  these 
borings  was  to  assure  that  the  new  drillers  were  obtaining 
similar  SPT  blowcounts  (N  values)  both  among  them- 
selves and  with  the  blowcounts  obtained  by  Caltrans.  In 
addition,  energy  measurements  were  made  for  both 
doughnut  SPT  hammers  and  safety  SPT  hammers  for  free 
fall  and  rope-and  cathead  release. 

Standard  Penetration  Testing 

The  Standard  Penetration  Test  (SPT)  was  the  primary 
tool  in  this  investigation  and  was  performed,  with  a  few 
exceptions,  according  to  ASTM  D-1586  specifications. 
All  SPT  borings  were  drilled  with  an  4.5-inch  baffled  drag 
bit.  The  baffles  were  arranged  so  that  circulating  drill 
fluid  would  be  discharged  to  the  side  and  upward  (Figure 
27)  instead  of  downward  where  the  flow  might  disturb  the 
sand  below.  Bentonite  drilling  mud  was  used  as  the  circu- 
lating fluid  and  all  holes  were  uncased. 

The  SPT  hammers  were  specified  to  be  140-pound  safety 
hammers.  Each  hammer  was  weighed  and  determined  to 
be  within  4  pounds  of  the  specification.  Internal  anvils 


Fimre  27.  Baffled  Drag  Bit  Used  for  SPT  Borings  at  Thermalilo  Afterbay  Dam,  1981-82 
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Figure  28.  DetaOs  and  Photo  of  Split  Barrd  Sampler  Used  in  Standard  Penetration  Testing  at  ThermaUto  Afterbay 


were  inspected  to  assure  that  mushrooming  of  the  anvil 
w£is  not  taking  place. 

The  lifting  mechanism  for  the  SPT  hammer  was  a  rope 
and  revolving  cathead.  The  catheads  were  8  inches  in  di- 
ameter and  revolved  between  90  and  150  rpm.  Ropes 
were  £ill  "new"  1-inch  manila  ropes.  Two  wraps  around 
the  cathead  were  used  for  lifting  the  hammer.  When  a 
rope  became  significantly  worn  (usually  after  about  20 
separate  N-value  determinations),  the  rope  was  re- 
placed. This  was  done  to  provide  uniformity  of  release 
because  old  ropes  become  too  limp  to  throw  clear  of  the 
cathead  pulley,  thereby  causing  more  drag  in  the  system 
and  reducing  the  energy  delivered  to  the  drill  rods.  Ropes 
were  stored  in  the  cabs  of  the  drill  rigs  at  night  and  during 
rainfall. 

Fall  height  of  the  hammers  was  specified  to  be  30  inches. 
Two  hammers  brought  to  the  site  by  the  contractor  were 


rejected  because  the  total  travel  lengths  were  less  than  30 
inches.  To  aid  the  driller  in  dropping  the  hammer  from 
the  correct  height,  a  stripe  was  painted  on  the  hammer 
rod.  Measurements  and  observations  indicated  that  the 
operators  were  almost  always  within  1  inch  of  the  correct 
height. 

Samplers  for  the  SPT  testing  were  essentially  the  same  as 
specified  by  ASTM  D-1586  except  that  the  sampler  spht 
barrel  had  a  1-1/2-inch  I.D.  (i.e.,  room  for  liners  but  no 
liners  were  used  [Figure  28] ).  This  change  was  adopted 
because  research  by  Schmertmann  (1979)  indicates  that 
most  testing  in  the  United  States  uses  liner  type  samplers 
without  liners.  Another  change  to  the  usual  SPT  proce- 
dure was  that  mixtures  of  upset  and  parallel-walled  NW 
drill  rods  were  used  instead  of  the  traditional  A  rods.  The 
two  different  NW  rods  have  different  thicknesses  and, 
therefore,  have  about  a  30  percent  difference  in  weight. 


Sampling  intervals  were  usually  eveiy  36  inches,  which 
allowed  a  clean-out  interval  of  18  inches  between  sam- 
ples. Care  was  taken  during  the  drilling  operation  to  slow 
the  bit  rotation  and  fluid  flow  when  the  bit  approached 
the  sampling  depth.  When  the  bit  reached  the  sampling 
depth,  fluid  circulation  was  maintained  for  a  minimum 
time  to  flush  out  the  cuttings.  Drill  rods  were  withdrawn 
with  care  to  prevent  caving. 

After  each  SPT  test,  the  recovered  sample  was  field-clas- 
sified by  the  DWR  geologist  and  then  bagged  and  sent  to 
the  laboratory  for  storage  and/or  additional  classification 
testing. 

Drillers  for  all  four  drill  rigs  were  instructed  on  the  im- 
portance of  the  SPT  test  and  on  its  repeatability.  To  as- 
sure equivalence  between  the  SPT  N  values  from  the  four 
different  rigs,  comparison  tests  were  carried  out  at  two 
locations  (Stations  104 -H  50  and  107  +  00),  where  rela- 
tively uniform  sand  was  encountered  in  a  depth  interval 
of  about  3  to  10  to  25  feet.  The  distance  between  borings 


was  6  feet.  Figures  29  and  30  present  the  resulting  blow- 
counts  with  results  from  previous  tests  by  Caltrans.  The 
average  uncorrected  blowcount  in  the  sand  layer  is  about 
17  at  Station  104  -I-  50  and  about  13  at  Station  107.  Vari- 
ations from  the  average  are  about  db  3  blows  per  foot  at 
both  stations  and  represent  material  variations  as  well 
as  test  variations. 

SPT  Energy  Calibration 

Energy  calibration  of  the  SPT  tests  was  conducted  in  two 
ways— by  correlation  with  cone  (CPT)  resistance  and  by 
direct  measurement.  Of  principal  interest  was  the  effect 
of  using  a  safety  hammer  in  the  SPT  investigations.  More 
traditional  American  practice  has  included  the  use  of  a 
donut  hammer  in  SPT  investigations.  Although  both 
types  of  hammers  weigh  the  same— 140  pounds— the 
physical  configurations  differ  considerably.  The  donut 
hammer  is  basically  a  compact  donut-shaped  weight  fall- 
ing on  an  anvil  mounted  between  rod  sections.  The  safety 
hammer  is  a  longer  cylinder  which  falls  on  an  internal  an- 


Figure  29.  Comparison  of  SPT  N  Values  Between  1 98 1  Conti- 
nental Borings  and  1979  Caltrans  Borings  at  Station  107+00 


Figure  30.  Comparison  of  SPT  N  Values  Between  I98I  Conti- 
nental Borings  and  1979  Caltrans  Borings  at  Station  104+ SO 


vil  mounted  on  the  end  of  the  rod  (Figure  31).  Studies  by 
Kovacs  et  al.  (1981)  have  indicated  that  safety  hammers 
are  more  efficient  in  transmitting  energy  to  the  drill  rods 
than  are  donut  hammers. 

The  calibration  by  CPT  correlation  was  performed  by 
ERTEC  Western,  Inc.  for  tests  at  Station  107  (Site  1). 
Cone  resistances  were  used  to  calculate  the  theoretical 
energy  dissipated  into  the  soil  during  the  SPT  test.  The 
process  is  described  in  detail  by  both  Schmertmann 
(1979)  and  by  Douglas,  et  al.  (1981).  Calculated  energy 
dissipations  are  shown  in  Figure  32.  Results  indicate  that 
the  Thermalito  safety  hammer  used  with  a  rope  and 
cathead  imparts  a  relatively  high  energy  to  the  soil  when 
compared  to  an  ERTEC  donut  hammer  used  with  a  rope 
and  cathead.  The  results  also  indicate  that  the  safety 
hammer  is  even  slightly  more  efficient  in  delivering  en- 
ergy than  an  ERTEC  free  fall  donut  hammer: 


energy  dissipated  for  DWR  safety 
hammer  with  rope  and  cathead 
energy  dissipated  for  donut 
hammer  with  rope  and  cathead 

energy  dissipated  for  DWR  safety 
hammer  with  rope  and  cathead 
energy  dissipated  for  ERTEC  trip 
hammer  (free-fall  donut  hammer) 


1.55 


1.20 


This  correlation  is  supported  by  similar  results  obtained 
on  a  safety  hammer  reported  by  Bennett,  et  al.  (1981). 

The  other  method  of  calibrating  the  energy  for  the  Ther- 
malito SPT  hammers  was  carried  out  at  the  afterbay  by 
personnel  from  the  National  Bureau  of  Standards  (NBS). 
Hammer  velocities  and  rod  forces  were  measured  for 
SPT  tests  carried  out  through  the  crest  at  Station  107 
(Site  1)  and  Station  168.  Energies  were  measured  for  a 
safety  hammer  and  a  donut  hammer  for  both  rope-and- 
cathead  and  free-fall  releases. 

Unfortunately,  it  was  not  discovered  until  after  the  tests 
were  completed  that  a  mixture  of  upset  and  parallel- 
walled  NW  rods  were  used.  This  meant  that  a  varying  and 
unknown  rod  cross-sectional  area  was  used  in  the  tests, 
which  made  the  energy  measurements  within  the  rods  un- 
reliable. Therefore,  these  results  were  not  used.  Velocity 


measurements  of  the  falling  hammers,  however,  were  not 
affected  by  this  factor. 

Table  11.  Energy  Before  Impact 
for  Thermalito  Afterbay  SPT  Hammers 


%  of  Theoretical 
Maximum  Energy 
(mean  value) 

Number  of  Data 
Points 


Rope  &  Cathead 
Release 


70 


Free-Fail 
Release 


Table  11  presents  the  results  for  hammer  energy  before 
anvil  impact  as  determined  by  velocity  measurements  for 
both  rope  and  cathead  release  and  for  free  fall  release. 
The  energy  results  are  expressed  as  percentages  of  the 
theoretical  maximum  (140  lb.  hammer  falling  30  inches 
=  4200  in-lb).  As  expected,  free-fall  releases  were 
found  to  give  essentially  100  percent  (mean  value  =  98) 
of  the  theoretical  maximum  for  both  types  of  hammers. 
However,  when  released  with  a  rope  and  cathead,  rope 


.)  SAFETY  HAMMER 


b)  DONUT  HAMMER 


Figure  31.  Configuration  of  SPT  Hammers 
(Adapted  fi-om  Steinberg,  1981) 
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friction  decreases  the  energy  before  impact  to  about  70 
percent.  This  is  within  the  range  found  by  Kovacs  et  al. 
(1981)  for  two  turn  rope  and  cathead  releases  using 
"new"  rope. 

Because  the  measurements  of  rod  energies  failed  to  pro- 
duce reliable  data  on  the  effect  of  hammer  type  on  the 
actual  SPT  blowcounts,  SPT  testing  was  performed  at 
four  sites  using  both  the  safety  hammer  and  the  donut 
hammer.  Both  hammers  used  the  rope  and  cathead  re- 
lease with  two  wraps  of  a  new  rope.  The  tests  penetrated 
mostly  sands  and  silts.  The  uncorrected  N  values  for  each 
depth  and  hammer  type  were  averaged  for  each  site. 
Comparisons  are  shown  in  Figure  33  for  the  two  hammer 
types.  Although  there  is  some  scatter,  the  safety  ham- 


mer required  only  about  75  percent  of  the  blows  to  pene- 
trate a  soil  as  did  the  donut  hammer.  This  would  indicate 
that  the  safety  hammer  is  approximately  35  percent  more 
efficient  than  the  donut  hammer  in  delivering  energy  to 
the  sampler.  This  result  is  consistent  with  the  findings  of 
previous  studies— Clarke  (1969),  Kovacs,  et  al.  (1981)  and 
Steinberg  (1981).  However,  it  is  lower  than  the  1.55  ratio 
found  by  ERTEC  in  comparing  CPT  and  SPT  results. 

Subsequent  to  the  field  investigations,  it  was  learned  that 
the  SPT  tests  incorporated  in  published  liquefaction  cor- 
relations employed  samplers  with  a  constant  1.38  inch  in- 
side diameter,  i.e.,  "no  space  for  liners."  Thus,  the  SPT 
tests  performed  at  Thermalito,  which  Jised  samplers  with 
a  larger  I.D.  in  the  spoon  barrel,  gave  blowcounts  that 
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Figure  32.  Comparison  of  Sampling  Energy  Dissipation  and  SPT  Blowcounts  (from  ERTEC,  1981) 
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Figure  33.  Comparison  of  SPTN  Values  Delivered  by  Sqfety  andDonut  Hammers 


were  too  low.  Although  no  tests  were  performed  at  the 
afterbay  to  examine  this  parameter  effect,  studies  by 
Schmertmann  (1979)  indicate  that  having  a  larger  I.D.  in 
the  spoon  barrel  during  the  SPT  tests  will  reduce  the 
blowcount    in  sands. 

Blowcount  Correction  for  SPT 
Procedural  Differences 

The  SPT  correlation  used  to  predict  liquefaction  resis- 
tance at  Thermalito  is  the  one  developed  by  Seed  and 
Idriss  (1982).  To  account  for  procedural  differences  be- 
tween the  tests  performed  at  Thermalito  Afterbay  Dam 
and  the  tests  used  in  developing  this  correlation,  correc- 
tion factors  were  applied  to  the  SPT  blowcounts.  These 
procedural  differences  principally  involve  the  amount  of 
hammer  energy  delivered  to  the  drill  rods  and  the  con- 
figuration of  the  SPT  sampler.  In  the  Seed  and  Idriss 
(1982)  correlation,  the  results  were  apparently  intended 
for  use  with  traditional  American  SPT  hammer  equip- 
ment, which  has  been  a  donut  hammer  (Figure  31).  Typi- 
cally, a  donut  hammer,  when  used  with  an  "old"  rope 


wrapped  two  to  three  times  around  a  rotating  cathead,  de- 
livers to  the  drill  rods  approximately  45  percent  of  the 
theoretical  free-fall  energy  of  a  140-lb  hammer  falling  30 
inches  (see  Kovacs  et.  al.,  1981). 

At  Thermalito  Afterbay  Dam,  safety  hammers  were  used 
to  obtain  SPT  blowcounts.  Since  safety  hammers  are 
more  efficient  than  donut  hammers  in  transmitting  en- 
ergy, the  blowcounts  need  to  be  corrected  (see  Figures  32 
and  33).  Results  showed  that  the  safety  hammers  used  at 
Thermalito  had  about  70  percent  of  the  theoretical  free- 
fall  energy  at  hammer  impact.  Research  has  also  shown 
that  safety  hammers  are  very  efficient  at  transmitting  en- 
ergy at  the  hammer-anvil-rod  contact  and  that  this  effi- 
ciency averages  to  about  95  percent.  Consequently,  the 
best  estimate  of  rod  energy  delivered  during  the  SPT  test- 
ing at  Thermalito  is  67  percent  of  the  theoretical  free-fall 
energy  (70%  x  0.95  =  67%).  This  is  substantially  higher 
than  the  45  percent  commonly  assumed  for  donut  ham- 
mers. 

The  other  principal  difference  between  the  Thermalito 
SPT  procedures  and  the  Seed  and  Idriss  (1982)  proce- 


dures  involves  sampler  configuration.  The  data  in  the 
Seed  and  Idriss  (1982)  correlation  were  collected  with 
SPT  samplers  having  a  constant  1-3/8-inch  inside  diame- 
ter. However,  the  Thermalito  SPT  samplers  have  a 
1-3/8-inch  inside  diameter  at  the  shoe,  but  a  1.5-inch  in- 
side diameter  within  the  barrel.  The  effect  of  having  a 
larger  sampler  barrel  can  results  in  a  10  to  35  percent  de- 
SPT  resistance. 


Table  12  summarizes  the  development  of  a  correction 
factor  to  account  for  these  procedural  differences.  De- 
pending on  what  value  is  chosen  to  account  for  the  effect 
of  the  different  barrel  sizes,  the  correction  factor  varies 
from  1.6  to  2.0.  A  correction  factor  of  1.5  was  chosen  con- 
servatively to  match  the  procedures  used  in  the  Seed  and 
Idriss  (1982)  correlation..  An  additional  correction  factor, 
Cjv  ,  is  also  used  to  correct  the  blowcount  for  different 
overburden  pressures. 


Since  several  different  expressions  for  SPT  blowcounts 
are  required  in  this  bulletin,  the  following  notation  will  be 
used: 

N  =  Blowcount  not  corrected  for  either  over- 
burden pressure  or  for  procedural  differences. 

Ni  =  Blowcount  corrected  to  1  tsf  overburden 
pressure,  but  not  corrected  for  procedural  differ- 
ences. The  correction  factor  for  overburden  pres- 
sures uses  the  relationship  suggested  by  Seed  and 
Idriss  (1982). 

A^^i  =  Blowcount  corrected  for  overburden  pres- 
sure and  procedural  differences  A^4i  =  1.5  xNi 
(see  Table  12).  This  is  the  blowcount  value  that 
would  have  been  obtained  had  the  SPT  been  per- 
formed by  the  same  procedures  used  to  develop 
the  Seed  and  Idriss  (1982)  correlation. 


t 


Table  12.  Estimated  Effect  of  SPT  Procedures  on  Blowcount 
Thermalito  Afterbay  vs.  Seed  and  Idriss  (1982)  Correlation 


SPT  Procedure  Employed  at 
Thermalito  Afterbay  Dam 


SPT  Procedures  for  use  with 
Seed  and  Idriss  (1982)  SPT  Correlation** 


Correction 
Factor* 


Sampler  driven  by  a  140-lb  "Safety"  Hammer  raised 
30  inches  and  released  using  2  turns  of  a  1-in.  "new' 
manilla  rope  around  a  rotating  cathead.  Energy  de- 
livered to  the  drill  rods  estimated  to  be  about  67% 
of  the  theoretical  free  fall  energy. 


Sampler  driven  by  a  140-lb.  "Donut"  Hammer 
raised  30  inches  and  released  using  2  to  3  turns 
of  a  1-in.  "old"  manila  rope  around  a  rotating 
cathead.  Energy  delivered  to  the  drill  rods  esti- 
mated to  be  about  45%  of  the  theoretical  free 
fall  energy. 


1.49 


Sampler  consists  of  a  2.0-in.  O.D.  split  spoon  with 
an  I.D.  at  the  shoe  of  1.38  inches  and  an  I.D.  within 
the  barrel  of  about  1.5  inches. 


Sampler  consists  of  a  2.0-in.  split  spoon  with  a 
constant  I.D.  of  1.38  inches  within  both  the 
shoe  and  the  barrel. 


1.1  to 
1.35 


Uncorrected  Thermalito  Afterbay  SPT  blowcounts 
are  given  the  symbol  N 


TOTAL  CORRECTION  FACTOR  FOR  PROCEDURAL 
DIFFERENCES  =  1.49  x  (1.1  to  1.35) 

=  1.64  to  2.01 
EST  VIEW  OF  THE  NECESSITY  TO  MAKE  ASSUMPTIONS 
REGARDING  PROCEDURES  FOR  THIS  CORRELATION,  A 
CONSERVATIVE  VALUE  OF  1.5  WAS  ADOPTED. 
Thermalito  Afterbay  blowcounts  corrected  by  the  1.5  factor 
to  this  set  of  procedures  and  also  corrected  for  overburden 
pressure  are  given  the  symbol  A^^i 


Notes:    'Denotes  that  this  correction  factor  is  the  value  needed  to  correct  Thermalito  Afterbay  SPT  blowccounts  for  a 

procedural  difference  in  order  to  be  used  with  this  correlation. 
**Denotes  that  the  hammer  energies  appropriate  for  use  with  this  correlation  had  to  be  estimated. 


Cone  Soundings 

Over  200  continuous  electrical  cone  soundings  were  per- 
formed along  the  Afterbay  length  by  ERTEC  Western, 
Inc.  At  several  locations,  CPT  soundings  were  made 
within  a  few  feet  of  SPT  borings  in  order  to  develop  a 
correlation  between  SPT  and  CPT  specifically  for  the  af- 
terbay soils  and  test  procedures.  The  correlation  was  de- 
veloped by  ERTEC  Western,  Inc.  and  can  be  approxi- 
mated by  the  following: 

N  =    q/6  for  F  <  1 
N  =   q/4  for  F  >  1 

where:  q  =  cone  resistance  in  tsf  and 

F  =  friction  ratio  in  percent  (%) 


Cn      =  overburden  correction  factor 
used  by  Seed  and  Idriss  (1982) 

Cone  soundings  were  used  principally  to  delimit  the  ex- 
tents of  soils  found  to  have  low  SPT  N  values.  Sounding 
profiles  are  presented  in  References  24, 25,  and  35,  along 
with  details  concerning  the  procedures  used. 

Piston  Sampling 

Piston  sampling  was  carried  out  at  four  general  areas  (Sta- 
tions 104-108,  Stations  164-166,  Station  183,  and  Sta- 
tions 380-383).  These  locations  were  picked  for  sampling 
because  they  had  foundation  soils  with  the  lowest  SPT 
blowcounts  or  cone  resistance  found  along  the  afterbay 
and  because  the  soils  were  relatively  uniform  over  a  large 
area. 


To  get  an  equivalent  corrected  blowcount  to  use  in  the 
Seed  and  Idriss  (1982)  correlation,  the  following  expres- 
sion is  used: 

where: 

^Ai  *  =  equivalent  corrected  blowcount 
q       =  cone  resistance  in  tsf 


To  develop  a  correlation  between  cyclic  strength  and 
SPT,  the  uniformity  of  N  values  was  first  determined  by 
drilling  3  to  4  SPT  borings  in  triangular  or  linear  patterns 
with  12-  to  16-foot  spacings  between  borings.  If  the  N 
values  were  similar,  piston  sampling  boreholes  were  then 
located  between  SPT  borings  with  a  minimum  6-foot  dis- 
tance between  adjacent  borings.  The  SPT  N  values  and 
the  locations  of  the  borings  are  shown  in  Figures  34 
through  42. 


Figures  34  —  42  follow 
Text  continues  on  page  66 
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Figure  34.  Standard  Penetration  Test  N  Values  and  Material  Types  for  Piston  Sampling  Station  104  +  SO 
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Figure  35.  Standard  Penetration  Test  N  Values  md  Material  Types  for  Piston  Sampling  Station  107N 
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Figure  36.  Standard  Penetration  Test  N  Values  and  Material  Types  for  Piston  Sampling  Station  I07S 
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Figure  37.  Standard  Penetration  Test  N  Values  and  Material  Types  for  Piston  Sampling  Station  164+50 
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Figure  38.  Standard  Penetradon  Test  N  Values  and  Material  Types  for  Piston  Sampling  Station  165 
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Figure  39.  Standard  Penetration  Test  N  Values  and  Material  Types  for  Piston  Santf^ng  Station  167 
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Figure  40.  Standard  Penetration  Test  N  Values  and  Material  Types  for  Piston  SampUng  Station  183 
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Figure  41.  Standard  Penetration  Test  N  Values  and  Material  Types  for  Piston  Sampling  Station  380 
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Figure  42.  Standard  Penetration  Test  N  Values  and  Material  Types  for  Piston  Sampling  Station  383 


Piston  sampling  borings  were  drilled  in  basically  the  same 
manner  as  were  the  SPT  borings.  The  only  difference 
was  that  a  6-inch  baffled  drag  bit  was  used  instead  of  a 
4.5-inch  bit.  Piston  samples  were  taken  with  a  hydrauli- 
cally-operated  piston  sampler  known  as  a  Gregory  Undis- 
turbed Sampler  (GUS)  (Figure  43).  This  sampler  used 
3-inch-diameter  Shelby  tubes  with  no  swedging.  The 
Shelby  tubes  were  18  inches  long  and  consisted  of  lac- 
quered steel,  galvanized  steel,  epoxied  steel,  and  stainless 
steel.  Stainless  steel  and  epoxied  steel  tubes  seemed  to 
work  the  best  in  preventing  the  sample  from  rusting  fast 
to  the  side  of  the  tube  and  were,  therefore,  used  for  the 
majority  of  the  samples. 

Piston  samples  were  taken  at  the  same  depth  intervals  as 
SPT  tests  to  provide  the  best  comparisons.  After  the  de- 
sired depth  was  reached  and  the  drill  cuttings  were 
flushed  out,  the  bit  was  removed  and  the  piston  sampler 
was  inserted  into  the  hole.  Water  was  used  as  the  hydrau- 
lic fluid  to  operate  the  sampler  and  push  the  Shelby  tube 
into  the  ground.  Completion  of  the  push  was  recognized 
by  the  start  of  water  flowing  out  of  the  borehole,  revealing 
that  the  hydraulic  release  vents  of  the  sampler  had  been 
opened.  As  in  1978,  a  vacuum  release  tube  was  then  in- 
serted into  the  hole  along  the  outside  of  the  sampler  and 
used  to  break  the  vacuum  at  the  bottom  of  the  hole  dur- 
ing sampler  removal  by  slowly  pumping  water  into  the 
tube  as  the  sample  was  withdrawn. 

The  sampler  was  then  carefully  raised  from  the  bottom 
of  the  hole  with  the  winch  and  cable.  When  the  sampler 
reached  the  top  of  the  hole,  and  before  the  Shelby  tube 
cleared  the  surface  of  the  drill  fluid,  a  solid  expandable 
packer  was  inserted  into  the  bottom  of  the  tube  to  pre- 
vent the  sample  from  being  sucked  out  when  lifting  the 
tube  out  of  the  fluid.  After  the  sampler  was  raised  out  of 
the  water,  the  geologist  drilled  a  small  diameter  vent  hole 
in  the  upper  end  of  the  sample  tube  releasing  the  vac- 
uum. The  tube  was  then  carefully  removed  from  the  sam- 
pler. 

After  labeling,  the  tube  was  then  carried  in  a  vertical  posi- 
tion to  a  work  area.  Disturbed  material  or  cuttings  were 
removed  from  the  top  end  of  the  Shelby  tube  with  a  spe- 
cial trimming  tool  (Figure  44).  This  tool  also  created  a 
flat  surface  at  the  top  of  the  sample  for  seating  an  expand- 
able perforated  packer  (Figure  44).  Filter  paper  was 
placed  between  the  soil  and  packer.  Measurements  from 
the  top  of  the  tube  to  the  soil  and  to  the  packer  were  re- 
corded and  a  plastic  cap  was  used  to  cover  the  top  of  the 


tube.  The  cap  was  taped  in  place  and  the  tube  was  care- 
fully inverted. 

A  similar  procedure  for  soil  trimming  was  performed  at 
the  tip  end  of  the  Shelby  tube.  However,  a  solid  expand- 
able packer,  without  filter  paper  was  used  (Figure  44). 
Measurements  from  the  tip  of  the  tube  to  the  soil  and  to 
the  packer  were  also  recorded. 

The  tube  was  then  placed,  still  in  the  inverted  vertical  po- 
sition (tip  end  up),  into  a  specially  designed  foam-padded 
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Figure  43.  "Gregory  Undisturbed  Sampler"  used  in 

"Undisturbed"  Sampling  of  Thermalito  Aftethay 

Foundation  Silty  Sands 
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Figure  44.  Trimming  Tool,  Perforated  and  Solid  Expandable  Packers, 
and  Transport  Box  Used  in  1981-82  "Undisturbed"  Sampling 


transport  box  (Figure  44).  The  solid  packer  at  the  tip  was 
loosened  to  allow  drainage  through  the  perforated  packer 
at  the  top  end  of  the  tube  (bottom  of  box).  Any  water 
draining  out  was  collected  in  the  space  between  the  perfo- 
rated packer  and  the  plastic  cap. 

The  samples  were  allowed  to  drain  for  a  week  or  more  be- 
fore transport.  The  drainage  requirement  was  estab- 
lished so  that  capillary  forces  within  the  sands  would  help 
minimize  disturbance.  Immediately  before  each  sample 
was  moved  to  the  laboratory,  the  plastic  cap  was  removed 
to  enable  measurements  of  the  water  collected  during 


drainage.  The  cap  was  then  replaced,  and  the  sample  was 
placed  back  into  the  sample  box.  The  solid  packer  was 
tightened  before  transport. 


Before  transport,  the  box  was  tied  down  onto  a  mattress 
in  the  vehicle  to  further  prevent  disturbance.  In  the  labo- 
ratory, measurements  of  soil  and  packer  movements,  and 
any  drainage  occurring  during  transportation  and  storage, 
were  recorded.  These  measurements  indicated  no  de- 
tectable movements  or  drainage  caused  from  transport- 
ing the  samples  to  the  laboratory. 


4.  EMBANKMENT  AND  FOUNDATION  CONDITIONS 


General 

The  locations  and  borehole  profiles  of  the  drilling  investi- 
gations are  shown  in  Figures  45  through  61.  For  purposes 
of  displaying  the  information,  some  boreholes  were  left 
out  when  holes  at  the  same  station  were  already  dis- 
played. In  addition  to  data  received  from  recent  investi- 
gations, information  from  well  hole  logs,  piezometer 
holes,  and  preconstruction  holes  have  been  used.  Also 


shown  for  recent  boreholes  are  the  SPT  N  values  in  blows 
per  foot.  These  blowcounts  have  not  been  corrected  for 
either  overburden  pressure  or  procedural  differences. 
All  soils  have  been  classified  using  the  Unified  Soil  Clas- 
sification System.  Where  laboratory  data  have  been  used 
to  classify  the  soils  within  the  borehole,  the  symbol  L 
(laboratory)  has  been  added  to  the  top  of  the  soil  profiles. 
For  other  profiles,  the  symbol  F  (field)  is  used,  meaning 
visual  classification  only. 
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NOTE: 

Figures  45  through  61  follow; 
the  text  continues  on  page  104. 
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Figure  46.  Thermalito  Afterbay 
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Figure  47.  Thennalito  Afterbay 
Station  10— 
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Figure  51.  Thermalito  Afterbay 
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Figure  53.  Thermalito  Afterbay 
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Figure  54.  Thennalito  Afterbay 
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Figure  55.  Thennalito  Afterbay 
StaUon  229- 
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Figure  56.  Thermalito  Afterbay 
Station  256- 
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Dam  Boring  Profiles 
Station  284 
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Figure  57.  Thermalito  Afterbay 
Station  284— 
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Figure  58.  Thermalito  Afterbay 
Station  311— 
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Dam  Boring  Profiles 
Station  404 


Mehrten  Foundation 

Afonnation  tentatively  identified  as  the  Mehrten  Forma- 
tion was  encountered  in  seven  boreholes  along  the  after- 
bay  (AB-50,  AB-66A,  TW-313,  79-107A,  79-107B, 
79-107C,  79-300  SPT).  The  depth  to  the  surface  of  this 
formation  ranges  from  70  feet  at  Station  368  (River  Out- 
let) to  190  feet  at  Station  107  (Site  1).  Near  the  afterbay, 
the  surface  of  the  Mehrten  Formation  dips  gently  toward 
the  northwest. 

The  formation  is  composed  of  alternating  lenses  of  silty 
sandstone  and  sandy  sUtstone.  It  is  weakly  cemented  and 
contains  few  fractures.  Most  of  the  boreholes  into  this 
formation  penetrated  only  a  few  meters.  However,  the 
500-foot  hole  at  Station  107  (79-107B)  penetrated  more 
than  300  feet  into  this  formation.  The  only  noticeable 
change  in  the  core  samples  retrieved  was  an  increase  in 
dry  density  with  depth.  At  a  depth  of  190  feet,  the  surface 
of  the  formation,  the  dry  density  was  about  76.7  Ib/ft^. 
At  a  depth  of  500  feet,  the  bottom  of  the  hole,  the  dry 
density  had  increased  to  102.5  Ib/ft^. 

The  Mehrten  Formation  appears  to  extend  beneath  the 
entire  afterbay.  In  addition  to  its  presence  in  the  seven 
boreholes,  the  formation  was  detected  in  the  seismic  re- 
fraction survey  carried  out  at  Station  173  (Site  2)  in  1978 
(Figure  62).  The  refraction  survey  identified  a  material 
with  a  compressive  wave  velocity  of  7600  ft/sec  at  an  aver- 


REFRACTION    LINE    PROFILE 


mm. DEPTH  TOBEDBOC" 


ASSUI.EOBEpSOCK_SElSMIC  J 


Figure  62.  Strata  Predicted  fiom  1978  Seismic  Refraction 
Survey  at  ThermaUto  Afterbay  Station  173  (Site  2) 


age  depth  of  185  feet.  This  is  a  typical  veloaiy  lor  well- 
consolidated  sedimentary  material,  and  the  depth  is  close 
to  that  of  the  Mehrten  surface    for  this  location. 

The  refraction  survey  was  unable  to  detect  the  thickness 
of  the  Mehrten  or  the  depth  to  basement  bedrock.  How- 
ever, exploration  studies  for  fossil  fuels  have  indicated 
that  hard  rock  lies  at  least  3,300  feet  beneath  the  ground 
surface.  An  oil  and  gas  exploration  hole  was  drilled  in 
1944  about  1  mile  southwest  of  Station  107  (Site  1).  Al- 
though the  logging  may  be  imprecise,  it  indicates  layers  of 
siltstones,  sandstones,  shales,  and  conglomerates  to  a 
depth  of  several  thousand  feet.  At  a  depth  of  3,470  feet, 
serpentine  was  found.  Corroborating  evidence  was  found 
in  the  mid  70's  by  another  oil  exploration  using  seismic 
refraction  surveys.  The  seismic  surveys  also  indicated 
that  basement  rock  is  located  about  3,300  feet  beneath 
the  ground  surface  near  Station  107  (Site  1). 

Red  Bluff  Formation 

Thermalito  Afterbay  Dam  is  founded  on  Red  Bluff  For- 
mation from  Station  0  to  Station  344,  about  80  percent  of 
its  length.  The  Red  Bluff  Formation  was  deposited  as  al- 
luvial sediments  having  a  great  variety  of  soil  types  which 
vary  considerably,  both  vertically  and  horizontally.  Soils 
can  be  correlated  over  broad  areas,  but  more  often  are 
difficult  to  match-up  over  short  distances  because  of  the 
many  local  variations.  Red  Bluff  Formation  is  of  Pleisto- 
cene Age  and  has  remained  in  a  relatively  stable  deposi- 
tional-erosional  environment  for  a  large  part  of  the  mil- 
lion years  or  so  since  deposition.  This  lengthy  duration  of 
surface  weathering  is  largely  responsible  for  the  extensive 
hardpan  and  soil  profile  development. 

In  general,  the  Red  Bluff  soils  have  about  a  10-foot  sur- 
face cap  of  silt  or  clay  with  thin  lenses  of  clay  pan  or  hard 
pan  (Figures  46  through  59).  These  lenses  have  very  high 
strength  but  are  not  continuous  throughout  the  foimda- 
tion.  Beneath  the  silt-clay  cap  are  layers  of  partially  con- 
solidated silt,  clay,  sand,  and  gravel  down  to  the  surface  of 
the  Mehrten  Formation. 

Columbia  Soil  Area 

Thermalito  Afterbay  Dam  is  founded  on  the  Columbia 
Soil  from  about  Station  344  to  390  (Figures  60  and  61). 
Boreholes  into  this  more  recent  alluvium  reveal  8-  to 
15-foot-thick  layers  of  silt  and  lean  clay  overlying  a  thick 
bed  of  gravel.  In  some  boreholes,  3-foot  lenses  of  silty 
and  poorly  graded  sands  were  found  between  the  silt/clay 
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and  the  gravel.  Between  Stations  342  and  390,  the  gravel 
layer  appeared  to  be  quite  thick  and  extend  most,  if  not 
all,  of  the  way  down  to  the  Mehrten  Formation.  East  of 
Station  390,  the  gravel  layer  seemed  to  thin  out  to  be  re- 
placed with  other  soils. 

The  upper  few  feet  of  the  gravel  layers  were  sampled  in 
bucket  auger  holes  (AB93-AB103)  in  1965.  Although 
there  was  a  fair  amount  of  variation,  most  of  the  material 
was  classified  as  GM-GP.  The  samples  were  found  to 
have  between  7  and  17  percent  passing  the  No.  200  sieve 
(74  microns).  Gradations  of  these  samples  are  shown  in 
Figure  63. 

Embankment 

The  embankment  was  sampled  at  the  four  sites  studied  in 
1978  and  at  another  location  (Station  286)  in  1980.  Clas- 
sification test  results  made  on  sampled  material  reveal  a 
sandy  clay  with  a  liquid  limit  of  about  39  and  a  plasticity 
index  of  about  18.  The  gradation  curves  for  the  collected 
samples  are  shown  in  Figure  64. 

Shear  Wave  Velocity  Test  Results 

Downhole  shear-wave  velocity  testing  was  performed  in 
1978  at  the  four  investigation  sites  (Stations  107,  173, 
203,  and  281).  The  clay  embankment  had  a  measured 
range  of  between  740  to  1340  fps.  The  foundation  soils 
had  a  greater  range  with  different  materials  and  depths. 


The  minimum  was  775  ft/sec  and  occurred  within  the  low 
SPT  blowcount  sand  layer  at  Station  107  (Site  1).  This 
would  yield  a  ^2max  value  of  about  70  for  the  sand.  This 
value  is  not  consistent  with  a  loose  sand  since  a  ^Zmax 
value  of  70  had  been  considered  typical  of  a  dense 
sand. 

Additional  studies  were  performed  in  an  attempt  to  clear 
up  this  inconsistency.  When  the  500-foot  borehole  was 
drilled  120  feet  downstream  of  the  embankment  toe  at 
the  same  location,  the  same  loose  silty  sand  layer  was 
encountered.  The  downhole  shear  wave  velocity  meas- 
ured for  the  sand  in  this  hole  was  essentially  the  same  as 
that  measured  previously  (Figure  65).  As  a  further  check, 
a  crosshole  survey  was  performed  at  the  deep  hole.  The 
results  showed  a  basic  agreement  between  the  downhole 
and  crosshole  results,  with  the  crosshole  giving  slightly 
higher  ( *«  20  percent)  velocities  for  certain  layers  (Fig- 
ure 66). 

The  crosshole  testing  revealed  velocities  as  high  as  3000 
ft/sec  within  the  Red  Bluff  material.  These  high  veloci- 
ties were  found  only  vnthin  two  gravel  layers  and  are  not 
considered  unusual.  Other  soil  types  both  below  and 
above  the  two  gravel  layers  had  shear-wave  velocities  of 
less  than  2200  ft/sec. 

In  the  upper  100  feet  of  the  Mehrten  Formation,  shear 
wave  velocities  were  between  2350  to  2850  ft/sec. 
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Preliminary  Criteria  for  Identifying  Suspect  Sites 


Suspect  foundation  conditions  are  sands  or  silts  with  low 
blowcounts,  identified  by  the  SPT  survey  with  borings  at 
250-foot  intervals  (see  Table  13).  Conservative  blow- 
count  criteria  were  adopted  initially  because  the  site-spe- 
cific SPT-<yclic  strength  correlation  would  not  be  com- 
pleted before  completion  of  the  explorations. 


Sands  were  considered  suspect  if  the  corrected  blow- 
count,  Nai  >  was  less  than  25.  Silts  have  greater  liquefac- 
tion resistance  than  sands  (Tokimatsu  and  Yoshimi, 
1981).  Therefore,  silts  were  considered  suspect  only  if 
the  corrected  blowcount  was  less  than  15. 


Clayey  sands  (SC)  were  considered  liquefiable  only  if 
they  contained  less  than  20  percent  of  0.005  mm  sizes 
(Seed  &  Idriss,  1982). 


Table  13.  Preliminary  Criteria  for 
Identifying  Suspect  Sites 


Sand  (SP,  SW,  SM,  SC)      Nm    <25  blows/ft 
<20%  passing  0.005  mm 


Silt  (ML,  MH) 


A^li    <15  blows/ft 


The  criteria  were  considered  conservative  because  pre- 
liminary data  were  beginning  to  suggest  that  the  Ther- 
malito  SPT  procedure  was  producing  lower  blowcounts 
than  other  SPT  procedures  commonly  used.  This  possi- 
bility was  consistent  with  apparent  higher  strengths  from 
tests  of  1978  undisturbed  samples  than  from  SPT  correla- 
tions and  by  relatively  high  shear  wave  velocities. 

Suspect  sites,  as  classified  by  these  criteria,  required  fur- 
ther investigation— either  additional  exploration  to  de- 
limit the  extent,  additional  analyses,  or  both.  Additional 
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Figure  65.  Downhok  Shear  Wave  Velocity  Results  at  Thermalito  Afterbay  Station  107  (Site-I) 
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analyses  would  include  the  newly  developed  site-  specific 
correlation  between  cyclic  strength  and  SPT. 


Suspect  Sites  Identified  by  SPT  Boring  Survey 

Of  more  than  160  SPT  borings  at  250-foot  spacing,  19  en- 
countered sand  (SP,  SW,  SM)  with  A^^i  <  25;  one  en- 
countered clayey  sand  (SC)  with  Nm  <  25;  and  one  en- 
countered silt  (ML,  MH)  with  Nm  <  15.  In  some  cases 
only  one  blowcount  out  of  several  in  a  sand  layer  was  less 
than  25.  The  21  suspect  sites  disclosed  by  the  survey  are 
shown  in  Figure  67. 

Additional  Explorations  to  Delimit  Suspect  Sites 

The  Station  12  site  was  not  explored  further  because  the 
embankment  height  was  only  12  feet  and  was  determined 
to  be  stable  even  if  the  thin  silty  sand  layer  near  the  sur- 
face liquefied  from  toe  to  toe  (Section  10). 

The  remaining  20  sites  were  subjected  to  additional  ex- 
plorations by  electrical  cone  soundings,  SPT  borings,  or 


piston  sampling.  The  cone  soundings  and  SPT  borings 
were  used  to  delimit  each  remaining  suspect  site.  The 
piston  sampling  was  used  in  determining  cyclic  strengths 
for  different  blowcounts.  Table  14  lists  the  suspect  sites 
and  additional  explorations  at  each. 

Sites  Selected  for  Analyses 

Three  sites  were  selected  for  liquefaction  and  stability 
analyses.  These  sites  were  chosen  because  they  repre- 
sented the  worst  conditions  identified  along  the  dam. 

A.  Model  1  -  Station  107  (Site  1) 

This  site  was  chosen  because  it  has  the  thickest  low 
blowcount  sand  layer  found  in  the  Red  Bluff  Forma- 
tion. In  the  1979-80  drilling  program,  SPT  borings 
were  placed  at  both  the  crest  and  the  downstream  toe 
at  250-foot  intervals  at  this  site  to  delimit  the  hori- 
zontal extent  of  this  suspect  sand.  Figure  68  illustrates 
the  corrected  blow  counts  taken  from  the  crest  and  the 
toe  between  Stations  102  and  112.  This  figure  reveals 
a  low  blowcount  sand  between  approximately  eleva- 
tions 90  and  105  feet  which  extends  along  the  axis  of 
the  dam  about  750  feet. 

The  lowest  corrected  blowcount,  ^Ai ,  shown  in  Fig- 
ure 68  is  about  15  in  a  toe  boring  at  Station  107.  Be- 
cause of  the  low  blowcounts,  this  area  was  further  ex- 
plored in  the  1981-82  program.  Five  crest  SPT  borings 
and  19  toe  SPT  borings  were  placed  between  Stations 
106  and  108.  Figure  69  shows  the  locations  of  these 
borings  along  with  the  lowest  corrected  blowcount 
found  in  each  boring.  Contour  lines  of  minimum 
blowcounts  have  been  drawn  in  the  figure  assuming  a 
gradational  change  in  penetration  resistance  between 
borings.  Figure  69  indicates  that  corrected  blow- 
counts less  than  15  occupy  only  a  relatively  narrow 
area  in  the  foundation  between  Stations  106  +  60  and 
106  +  84. 

Table  15  presents  the  corrected  blowcounts  in  the 
suspect  sands  between  Stations  106  and  108  for  toe 
borings.  Figure  70  presents  a  plot  of  these  corrected 
blowcounts  as  a  function  of  borehole  depth.  Shown  in 
Figure  70  is  a  rectangle  bracketing  the  blowcounts  se- 
lected for  a  statistical  analysis.  Unusually  high  blow- 
counts or  blowcounts  performed  in  cohesive  material 
(silt  or  clay)  were  not  included  in  the  statistical  proc- 
ess. Included  in  the  statistical  analysis  were  the  lower 
blowcounts  in  the  narrow  region   between     Stations 
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Table  14.  Thermalito  Afterbay  Boreholes  Delimiting  Suspect  Areas 

Suspect 
Area 

Exploration 

Station 

Dam 
Height 
(feet) 

Depth 

(feet) 

Suspect 
Material 

(USCS) 

Nm  or  Na,  * 
(blows/foot) 

Model 
Representation 

I 

81A-12SPT(I)     12  +  50               12 

8-10        SM                   19 

- 

80-102  SPT 

102  +  00 

80-102  SPT 

102  +  00 

79-105  SPT 

104  +  50 

80-105  SPT 

104  +  50 

79-109  SPT  a) 

107  +  00 

80-107  SPT  (I) 

107  +  00 

79-110  SPT 

109  +  50 

80-110  SPT 

109  +  50 

79-112  SPT 

112  +  00 

26 


5-30 

ML&SM 

>30 

5-30 

ML&SM 

>30 

12-24 

SM 

18-30 

12-24 

SM-SP 

18-30 

8-25 

SM 

14-30 

MODEL  1 

8-25 

SM 

18-30 

(^^1   =  20) 

18 

SP-SM 

23 

12-24 

SM 

15-30 

5-40 

SM  +  ML 

>30 

(Additional  Explorations  -  30  SPT  Borings,  6  Piston  Sampling  Borings,  20  Cone  Soundings, 
see  Figures  68,  69  and  70) 


m 


81A-131  SPT 

130  +  81 

81A-131  CPT 

130  +  87 

81A-132  CPT 

131  +  62 

79-132  SPT  (I) 

131  +  62 

81A-132  CPTB 

132  +  02 

81A-132  SPT 

132  +  31 

81A-132CPTC     132  +  37 


27 


15-35 

ML&  SM 

>45 

30^0 

SM 

>50x 

32-40 

>50x 

32-33 

SP-SM 

14 

32-40 

SM 

>50x 

30-40 

SP-SM 

>30 

30-40 

SM  or  ML 

>30x 

10-30 

CL 

>20x 

10-22 

SM-ML 

9 

10-30 

CL 

>20x 

81A-141-CPT  141  +  00 

79-142  SPT  (I)  142  +  00 

81A-142CPT  142  +  06 

81A-143CPT  143  +  00 


(Continued  on  next  page) 


Table  14.  Thermalito  Afterbay  Boreholes  Delimiting  Suspect  Areas  (Continued) 


Suspect 
Area 

Exploration 

Station 

Dam 
Height 

(feet) 

Depth 
(feet) 

Suspect 
Material 

(USCS) 

(blows/foot) 

Model 
Representation 

81A-164  SPT 

163  +  68 

10-30 

>39 

81A-C164  SPT 

163  +  68 

10-30 

>21 

81A-167  SPTH 
81A-C165  SPT 

164  +  68 
164  +  68 

13-20 
10-30 

SM 

11-13 

>27 

MODEL  2 

81A-166  SPT 

165  +  50 

35 

18 

SM 

5 

Nm  =  40  US 

81A-C166  SPT 
79-167  SPT  (I) 

165  +  68 

166  +  40 

10-30 
13-19 

SM 
SM 

>38 
11-19 

A^^i   =  20  M 
^^1   =  10  DS 

81A-167  SPTC 

166  +  65 

17-21 

SM 

7-9 

81A-C167  SPT 

166  +  68 

10-30 

SM 

>38 

81A-167SPTN 

166  +  73 

12-25 

25-30 

(Additional  Explorations  -  17  SPT  Borings,  8  Piston  Sampling  Borings,  25  Cone  Soundings  - 
See  Figures  74,  75,  and  76) 


81A-C168  SPT 

167  +  68 

>38 

81A-168  SPTA 

168  +  09 

13-22 

SP-SM 

15-27 

VI 

81A-C169  SPT 
81A-168  SPTB 

168  +  68 
168  +  59 

13-22 

SM 

>23 
10-23 

1{Nai  =  20) 
and 

81A-169  SPT 

168  +  95 

14-22 

SM 

16-29 

2  (Nai  =  40,20,10) 

81A-C170  SPT 

169  +  68 

13-23 

SM 

20-26 

81A-170  SPTA 

170  +  00 

14-22 

SP-SM 

12-33 

81A-C171  CPT 

170  +  74 

15-28 

SM 

14-30X 

81A-170  SPT(I) 

170  +  82 

29-34 

SP-SM 

21-27 

CP-171  El 

171  +  20 

10-40 

SP-SM 

>30x 

VII 

81A-C171  CPTB 

171  +  38 

37 

20-30 

SM-ML 

22-30X 

1  (Nai   =  20) 

81A-C173  CPT 

172  +  74 

24-27 

SM 

14x 

79-173  SPT 

173  +  00 

5-35 

SP-SM 

27-50 

(Additional  Explorations  -  13  SPT  and  Piston  Sampling  Borings  and  4  Cone  Soundings) 

(Continued  on  next  page) 
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Table  14.  Thermalito  Afterbay  Boreholes  Delimiting  Suspect  Areas  (Continued) 


Suspect 
Area 


Exploration         Station 


Dam 
Height 

(feet) 


Depth 
(feet) 


Suspect 
Material 

(USCS) 


(blows/foot) 


Mode! 
Representation 


79-178  SPT  (I)  178  +  06 

81A-179CPT  179  +  00 

81A-C179CPT  179  +  31 

81A-180BCPT  179  +  50 

81A-180SPTA  180  +  09 

81A-180SPT  180  +  25 

81A-180CPT  180  +  31 

81A-C180CPT  180  +  31 

81A-180SPTB  180  +  41 

Vm  81A-181CPTB  180  +  50 

81A-181CPT  181  +  00 

81A-C181CPT  181  +  31 

81A-182CPTB  181  +  50 

81A-182CPT  182  +  00 

81A-183SPTA  182  +  59 

81A-183SPTa)  182  +  83 

81A-183CPT  182  +  89 

81A-183SPTB  183  +  07 

81A-184CPT  183  +  70 
(Additional  Explorations  -  3 


35 


6-12 

SM 

18-23 

5-12 

ML 

>15x 

6 

ML&CL 

lOx 

6-10 

ML&CL 

>10x 

6-11 

SM 

19-30 

6-11 

SM 

20-25 

6-10 

ML 

lOx 

12 

ML 

>20x 

6-13 

SM 

19-45 

5-11 

ML 

>20x 

9-10 

SM 

12x 

6-15 

CL 

>20x 

0-15 

CL 

>20x 

22-37 

SM 

12-30X 

22-38 

SM 

>30 

22-45 

SP-SM 

16-30 

25-48 

SM 

10-20X 

23-45 

SM 

21-50 

25-43 

SM 

14-30X 

1  (Nai   =  20) 


Piston  Sampling  Borings,  1  SPT  Boring,  and  4  Cone  Soundings) 


IX 


81A-190CPT  189  +  50 

81A-190  SPT  (I)  190  +  50 

81A-191SPT  190  +  56 

81A-192CPT  191  +  50 


34 


30-50 

SM 

>20x 

37-40 

SP-SM 

22 

\{Nax 

=  20) 

30-50 

SW(G) 

>20x 

30-50 

SW 

>20x 

(Continued  on  next  page) 
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Table  14.  Thermalito  Afterbay  Boreholes  Delimiting  Suspect  Areas  (Continued) 


Suspect 
Area 


Exploration 


Station 


Dam 
Height 

(feet) 


Depth 

(feet) 


Suspect 
Material 

(USCS) 


^Ai  or  Nat, 
(blows/foot) 


Model 
Representation 


81A-200  SPT 

200  +  50 

5-17 

ML&SM 

>30 

81A-201  CPT 

201  +  00 

5-15 

ML&CL 

>15x 

81A-202B  CPT 

201  +  50 

5-15 

CL&ML 

>15x 

81A-C202  CPT 

202  +  00 

5-15 

CL 

>15x 

81A-202  CPT 

202  +  00 

5-15 

CL 

>25x 

X 

81A-C203  CPT 

203  +  00 

5-15 

SM 

> 15-23X 

1  (Nai  =  20) 

81A-203  CPT 

203  +  00 

6-14 

CL&ML 

>25x 

79-203  SPT  a) 

203  +  04 

33 

7-12 

SM 

21 

81A-C204  CPT 

204  +  00 

5-12 

CL&SM 

>20x 

81A-204  CPT 

204  +  00 

5-15 

CL 

>25x 

81A-205  SPT 

205  +  28 

5-35 

ML 

>50 

(Additional  Explorations  -  6  SPT  and 

Sampling  Borings,  4  Cone  Soundings) 

81A-207  CPT 

206  +  50 

10-30 

CL,ML,SM 

>25x 

81A-207B  CPT 

207  +  00 

20-30 

CL 

>30x 

81A-207  SPT 

207  +  40 

20-30 

CL,ML,SM 

>30       . 

81A-207  SPTA 

207  +  46 

20-30 

ML&SM 

>25 

XI 

81A-208  SPT  (L) 
81A-208  SPTB 

207  +  52 
207  +  58 

32 

23-28 
23-28 

SM-SP 
SM 

18-27 
12-15 

1(Nai  =  20) 

81A-208  SPTC 

207  +  64 

23  =  28 

SM 

23-27 

81A-208  CPT 

207  +  70 

22-27 

SM 

16-25X 

81A-209  CPT 

208  +  50 

22-26 

SM 

14-27X 

81A-210  SPT 

209  +  76 

22-30 

SM 

>27 

81A-210  CPT 

209  +  82 

22-30 

SM 

12-35X 

XII 

81A-214  SPT 

214  +  10 

30-40 

SM 

>30 

81A-215  SPT  (I) 

214  +  60 

29 

30-40 

SM 

18 

1  (^.11   =  20) 

81A-216  SPT 

215  +  90 

30-40 

SM 

>30 

(Continued  on  next  page) 
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Table  14.  Thermalito  Afterbay  Boreholes  Delimiting  Suspect  Areas  (Continued) 


Suspect 
Area 


Exploration 


Station 


Dam 
Height 

(feet) 


Depth 

(feet) 


Suspect 
Material 

(USCS) 


f^Ai  orNM 
(blows/foot) 


Model 
Representation 


81A-C237CPT  237  +  00 

81A-238SPT  238  +  00 

81A-C238CPT  238  +  00 

CP-238-E4  238  +  28 

81A-C239CPT  239  +  00 

Xm  79-238  SPT  (I)  239  +  23  32 

CP-238-E2  239  +  28 

CP-238-E3  239  +  38 

81A-C240CPT  240  +  00 

81A-240SPT  240  +  50 

CP-238E5  240  +  57 

(Additional  Explorations  -  2  Cone  Soundings) 


5-12 

ML&CL 

>30x 

5-12 

ML 

>50 

5-12 

ML,CL  &  SM 

>20x 

5-16 

SM&CL 

>30x 

5-15 

ML&CL 

>50x 

4-10 

SM 

6-13 

4-10 

CL&SM 

5-lOx 

4-10 

CL&SM 

lOx 

5-15 

ML&CL 

>20x 

5-20 

ML 

>40 

5-20 

ML&SM 

>20x 

(/V/ii   =  40,20,10) 


81A-C242CPT     242  +  00 
81A-C-243CPT  243  +  00 
XIV  81A-243  SPT(I)    243  +  00 

81A-C244  CPT     244  +  00 
81A-245SPT        245  +  00 


5-30  ML  &  CL  >  17x 

5-30  CL&ML  >30x 

8-16  SM  24-36 

5-30  ML  >20x 

5-30  ML  >40 


li^Ai  =  20) 


81A-C257CPT  257  +  00 

81A-C258CPT  258  +  00 

XV  81A-258SPTa)  258  +  00 

81A-C259CPT  259  +  00 

81A-C260CPT  260  +  00 


8-14  ML  &  CL  8-20x 

8-14  ML  &  CL  >  15x 

24  8-13  SM  16-33 

5-30  ML&CL  >20x 

5-20  ML  17x 


1  (Nai  =  20) 


(Continued  on  next  page) 
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Table  14.  Thermalito  Afterbay  Boreholes  Delimiting  Suspect  Areas  (Continued) 


Suspect 
Area 


Exploration 


Dam 
Height 
(feet) 


Depth 

(feet) 


Suspect 
Material 

(USCS) 


(blows/foot) 


Model 
Representation 


81A-C268CPTB  267  +  50 

5-20 

M1,CL,SM 

>30x 

81A-C268  CPT 

268  +  00 

5 

ML&CL 

16x 

81A-C269CH1B  268  +  50 

5-15 

CL 

>10x 

XVI 

81A-268  SPT(I) 

268  +  50 

25 

12 

SC 

21 

1  (Nai   =  20) 

81A-C269  CPT 

269  +  00 

8 

ML&CL 

14x 

81A-C270  CPT 

270  +  00 

4-10 

ML 

>15x 

81A-271  SPT 

271  +  05 

7-14 

SC 

14-34 

81A-C272  CPT 

272  +  00 

4-12 

CL&ML 

>10x 

81A-C279  CPT 

279  +  00 

CL 

>20x 

TAS  4A  a) 

279  +  83 

8-13 

SM 

20 

81A-C280  CPT 

280  +  00 

3-13 

ML 

12-30 

xvn 

81A-281  SPT 

281  +  00 

27 

9 

ML 

26 

** 

D-8a) 

281  +  63 

8-11 

SM 

12 

81A-C282  CPT 

282  +  00 

3-15 

ML 

>12x 

81A-283  SPT 

283  +  50 

5-20 

ML&SM 

>40 

81A-C344  SPT 

344  +  50 

ML&CL 

>20 

81A-C346  SPT 

346  +  44 

>30 

81A-347h  SPT 

346  +  90 

12-22 

CL/SM 

7/22 

xvra 

81A-C347SPT(I)  347  +  00 
81A-348SPT        347  +  90 

25 

20-35 
20-23 

SM-ML 
CL/ML 

16-22 
20/14 

MODEL  3 
{Nai   =  21) 
Station  347 

81A-C348  SPT 

348  +  06 

21-24 

SM 

20-28 

81A-C349  SPT 

349  +  00 

13-18 

CL 

>20 

(Additional  Explorations  -  7  Cone  Soundings,  2  Preconstruction  Borings 

-  See  Figure  80) 

81A-C350  SPT 

>25 

XIX 

81A-C351SPTa)351  +  00 

25 

5-10 

SM-ML 

15 

3  (Nai  =  21) 

81A-C352  SPT 

352  +  00 

5-12 

CL-SC 

>20 

81A-C353  SPT 

353  +  00 

6-8 

CL-ML 

20 

(Additional  Explorations  -  3  Soundings) 

Table  14.  ThermaHto  Afterbay  Boreholes  Delimiting  Suspect  Areas  (Continued) 


Suspect 
Area 


Exploration         Station 


Dam 
Height 

(feet) 


Depth 

(feet) 


Suspect 
Material 

(USCS) 


NAi  or  Nai 
(blows/foot) 


Model 
Representation 


81A-C360CPT     360  +  00 
XX  81A-C361  SPXa)  361  +  00  22 

81A-C362SPT     361  +  94 
81A-363SPT        362  +  94 

(Additional  Explorations  -  5  Cone  Soundings) 


CL 

>15x 

3-16 

SC 

23 

3  (A^^i 

=  21) 

13 

SM 

18 
>30 

XXI 


81A-C378CPT  378  +  00 
81A-C379CPT  379  +  00 
81A-C380CPT  379  +  50 
81A-C380CPTB  380  +  00 
81A-C380  SPT(I)  380  +  50 
81A-C381CPT  380  +  50 
81A-C381CPTB  381  +  00 
81A-C382CPT  381  +  50 
81A-C382SPT  381  +  56 
81A-C383CPT  383  +  00 
81A-C383SPT     383  +  06 


4 

ML&CL 

lOx 

8-13 

ML 

4x 

6 

ML 

13x 

6-8 

CL&ML 

9x 

5-13 

CL 

6-20 

8 

CL 

7x 

8 

CL 

4x 

8 

CL 

7x 

8 

SC 

14 

4-9 

ML&CL 

2x 

8 

ML 

18 

(Additional  Explorations  -  2  Piston  Sampling  Borings) 


NOTES:     1.    ••  =    See  Explanation 

2.  x  =     //>ii  Values  for  CPT  explorations  were  determined  from  the  ERTEC  correlations  for 

Thermalito  Afterbay. 

3.  (I)         =    Initial  exploration 


4.    Depth  =  Depth  below  original  ground  surface  at  toe. 

Explanations 


12+50  Not  subjected  to  additional  explorations  because  analyses  indicated  that  the  12- foot  embankment  would 
not  fail  even  if  the  thin  silty  sand  layer  near  the  surface  were  to  liquefy  from  toe  to  toe  (Section  10). 

131  +  62  Suspect  material  was  indicated  during  a  previous  exploration  but  could  not  be  found  during  the  1981-82 

142+00  exploration  program.  Therefore,  this  layer  was  considered  to  be  either  nonexistent  or  very  small  in 

281  +  00  extent  and  not  analyzed. 

362  +  00  Suspect  material  was  not  found  in  the  initial  SPT  borehole  survey  but  in  additional  borings  and  soundings 

380  +  00  performed  subsequently  in  the  same  area. 


Table  15 
Corrected  SPT  Blowcount  (AUi)  Distribution  Along  the  Downstream  Toe  Between  Stations  106-108 

(Blows/ft) 


Depth,  ft 


Borehole 


Station 


12^ 


19^ 


23 


263 


81A-107SPTJ 

105  +  86 

29 

23 

23 

25 

36 

81A-107  SPT  H 

106  +  15 

35 

28 

25 

25 

21 

81A-107  SPT  G 

106  +  33 

47 

23 

21 

20 

24 

81A-107  SPT  F 

106  +  48 

35 

19 

21 

21 

20 

81A-107SPTD 

106  +  60 

25 

13 

11 

15 

17 

81A-107  SPT  Q 

106  +  60 

20 

11 

18 

20 

21 

81A-107  SPT  R 

106  +  72 

68 

13 

14 

16 

21 

81A-107  SPT  S 

106  +  72 

47 

23 

18 

18 

24 

81A-107  SPT  A 

106  +  84 

29 

24 

23 

20 

39 

81A-107  SPT  C 

106  +  84 

35 

15 

14 

25 

41 

81A-107  SPT  B 

106  +  84 

27 

28 

26 

26 

44 

81A-107  SPT  E 

106  +  93 

31 

36 

25 

23 

24 

81A-107SPTT 

106  +  96 

27 

28 

16 

21 

44 

81A-107  SPT  P 

107  +  06 

20 

24 

18 

20 

50 

81A-107SPTN 

107  +  20 

35 

28 

19 

23 

44 

81A-107  SPT  M 

107  +  26 

20 

32 

23 

21 

48 

81A-107SPTL 

107  +  32 

25 

34 

23 

23 

42 

81A-107SPTK 

107  +  42 

29 

36 

26 

23 

45 

81A-107SPTU 

107  +  72 

41 

38 

28 

34 

62  + 

Table  16 
Corrected  SPT  Blowcount  (AUi)  Distribution  Beneath  Embankment  Crest  Between  Stations  106-108 

(Blows/ft) 


Depth,  ft 

Borehole 

Station 

39^ 

42S 

45^ 

ASS 

51J 

81A-C107-B 

105  +  26 

24 

30 

25 

36 

35 

81A-C107-C 

106  +  76 

22 

37 

43 

47 

62 

80-107A  SPT 

106  +  82 

22 

18 

20 

20 

35 

81A-C107  SPT  I 

D      106  +  88 

29* 

33 

30 

37 

53 

81A-C107  SPT  I 

5       106  +  97 

24* 

32 

32 

36 

53 

81A-C107  SPT  J 

\      107  +  46 

beinRclay 

13» 

50  + 

26 

30 

45 

'  Denotes  material  as 

106 +  60  and  106  +  84.  The  mean  value  (50th-percen- 
tile)  of  this  blowcount  set  in  toe  borings  was  found  to 
be  22.  The  35-percentile  blowcount  was  found  to  be 
20  blows  per  foot  (this  means  that  approximately  two 
thirds  of  the  toe  blowcounts  are  equal  to  or  higher 
than  this  blowcount).  The  35-percentile  value  is  an 
accepted  characterization  for  seismic  analyses,  main- 
tains adequate  conservatism,  and  was  adopted  for  the 
toe  borings  at  this  site. 


Table  16  presents  the  corrected  blowcounts  for  the 
suspect  sand  found  in  crest  borings.  These  blow- 
counts were  found  to  be  generally  higher  than  those 
along  the  toe.  Only  one  corrected  blowcount  in  sand 
was  found  to  be  less  than  20  blows  per  foot.  The  thick- 
ness of  the  low  blowcount  sand  beneath  the  crest  was 
also  not  as  thick  as  it  was  found  along  the  downstream 
toe.  Although  a  higher  blowcount  could  have  been 
justified  for  the  sand  beneath  the  crest,  it  was  decided 
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FijUK  69.  Minimum  Corrected  SPT  Resistance  Within  Borings  Between  Stations  106  and  108 
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Figfire  70.  Corrected  Staiidard  Penetration  Resistance 
Along  Toe  Between  Stations  106  and  108 


to  conservatively  characterize  the  entire  layer  as  being 
20  blowcount  silty  sand. 

The  gradation  range  for  the  suspect  sand  is  shown  in 
Figure  71.  Figure  72  presents  the  Dso  values  and 
percentage  of  fines  for  the  blowcounts  shown  in  the 
bracketed  region  in  Figure  70.  The  mean  Dso  ^  0.31 
millimeters  and  the  mean  percentage  of  fines  is  18 
percent. 

The  model  developed  for  this  site  is  shown  in  Figure 
73.  This  model  represents  equivalent  or  worse  condi- 
tions than  exist  at  most  of  the  suspect  sites  listed  in  Ta- 
ble 14. 

B.  Model  2  —  Station  165  (Worksite  2) 

This  site  was  chosen  for  analysis  because  it  contained 
the  weakest  material  found  along  the  dam  and  be- 
cause the  embankment  height  at  this  location  (35 
feet)  was  close  to  the  maximum  height.  The  suspect 
sand  at  this  site  was  originally  encountered  in  a  down- 
stream toe  boring  in  1979  at  Station  167.  In  the 
1981-82  investigation,  seven  crest  and  18  downstream 


toe  SPT  borings  were  placed  between  Stations  165 
and  171. 

Figure  74  shows  the  locations  of  these  borings  along 
with  the  lowest  corrected  blowcount  in  each  boring. 
Also  shown  are  the  locations  of  cone  soundings  used 
to  supplement  the  SPT  borings,  together  with  the  low- 
est equivalent  blowcount,  Nai  *,  for  each  sounding. 
Contour  lines  of  minimum  blowcounts  have  been 
drawn  assuming  gradational  changes  in  blowcounts 
between  borings. 

Tables  17  and  18  (pages  121  and  122)  present  the  cor- 
rected blowcounts  for  both  toe  and  crest  SPT  borings 
between  Stations  164  and  167.  Figure  74  shows  blow- 
counts of  less  than  10  along  the  toe  between  Stations 
164  +  50  and  167  +  00.  The  blowcounts  from  borings 
within  this  length  are  shown  in  Figure  75. 

Shown  in  this  figure  is  a  boring.  Borehole  81A- 
167SPTB,  which  has  two  blowcounts  as  low  as  2. 
These  two-blowcount  measurements,  however,  are 
found  at  depths  where  most  of  the  other  borings  show 
relatively  high  penetration  resistance. 

Shown  in  Figure  76  is  a  plan  view  of  the  eleven 
borings  and  cone  soundings  within  a  33-foot  radius  of 
this  two-blowcount  boring,  together  with  the  cor- 
rected blowcounts  found  in  these  explorations.  Fig- 
ure 76  shows  that  the  corrected  blowcounts  for  all  of 
the  nearby  explorations  are  at  least  five  blows  per  foot 
with  some  greater  than  20.  Sampling  borings  adjacent 
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Figure  72.   Gradation  Characteristics  of  Low  Blowcount  Sands 
Between  Stations  106  and  108 

to  the  two-blowcount  boring  show  dense  silt  at  the 
same  depths  where  the  blowcounts  of  two  were  ob- 
tained. It  was  therefore  concluded  that  the  two-blow- 
count boring  produced  values  not  representative  of 
the  layer  and  that  the  2-blowcount  measurements  re- 
sult from  a  small  and  isolated  pocket  of  weak  materi- 
als. It  should  be  noted  that  no  other  borehole  drilled 
at  the  afterbay  found  corrected  blowcounts  lower 
than  five. 


Shown  in  Figure  75  is  the  bracketed  region  of  blow- 
counts that  was  used  in  a  statistical  analysis  of  the  toe 
blowcounts.  As  at  Station  107,  unusually  high  blow- 
counts were  not  included  in  the  statistical  process. 
Also  not  included  were  the  very  low  blow  counts  at  the 
23-  to  26-foot  depths,  which  were  not  representative 
of  the  layer.  The  mean  corrected  blowcount  for  the 
suspect  layer  in  these  toe  borings  was  found  to  be  12 
blows  per  foot.  The  35-percentile  blowcount  for 
these  blowcoimts  was  found  to  be  10  blows  per  foot. 


Although  low  blowcounts  were  found  along  the  down- 
stream toe.  Figure  74  shows  that  much  higher  blow- 
counts were  found  along  the  crest.  The  contours  of 
minimum  blowcount  in  Figure  74  are  drawn  assuming 
a  gradational  change  in  blowcounts  between  borings. 
This  is  a  reasonable  assumption  since  none  of  the 
borings  along  the  toe  suddenly  changed  from  very  low 
to  very  high,  i.e.,  no  borings  with  blowcounts  less  than 
10  were  found  next  to  borings  greater  than  25.  These 
contours  of  minimum  blowcount  indicate  that  blow- 
counts beneath  the  dam  are  not  lower  thanlO  blows 
per  foot.  At  the  same  station  where  the  low  blow- 
counts in  Figure  75  were  found,  the  lowest  corrected 
blowcounts  through  the  crest  are  38. 

For  the  length  where  very  low  blowcounts  were  found 
(Station  164  +  50  -  167),  the  suspect  sand  layer  was 
modeled  with  three  characterizations  of  blowcount  re- 
sistance. Upstream  of  the  crest,  the  suspect  sand  layer 
was  assigned  a  corrected  blowcount  of  40.  Down- 
stream from  about  the  embankment  toe,  the  layer  was 
assigned  a  corrected  blowcount  of  10.  The  10-blow- 
count  characterization  was  determined  from  the  35 
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percentile  blowcount  for  toe  borings  in  the  area  of 
lowest  penetration  resistance  (Figures  74  and  75).  For 
the  middle  region  beneath  the  downstream  slope,  the 
blowcount  was  assigned  a  value  of  20  blows  per  foot. 
This  value  was  developed  from  the  contour  lines  of 
minimum  blowcount  shown  in  Figure  75. 

The  gradation  ranges  for  the  suspect  sands  are  shown 
in  Figure  77.  Figure  78  presents  the  D50  values  and 
percentage  of  fines  for  samples  whose  blowcounts  are 
shown  in  the  bracketed  region  in  Figure  75.  The  mean 
Dso  is  0.20  millimeters  and  the  mean  percentage  of 
fines  is  25  percent. 

The  model  developed  for  this  site  is  shown  in  Figure  79. 

C.  Model  3  -  Station  347  (Columbia  Soil) 

This  site  was  chosen  because  it  is  the  most  critical  location 
in  the  Columbia  Soil  Area.  Unlike  the  sections  in  the  Red 
Bluff  Formation,  the  Columbia  Soil  Area  embankments 
incorporate  a  downstream  berm.  Figure  80  shows  the  ma- 
terial types  and  normalized  blowcounts  from  SPT  borings 
made  between  Stations  344  and  350. 

The  general  description  of  the  foundation  material  is  a 
10-  to  15-foot  thickness  of  silt  and  clay  overlying  a  thick 
gravel  layer.  At  certain  locations,  a  low  blowcount  silty 


sand  layer  exists  between  these  two  materials.  Figure  80 
shows  at  Borehole  81A-C347-SPT  an  apparent  channel 
or  depression  eroded  into  the  gravel  and  filled  with  low 
blowcount  silts  and  sands.  However,  this  channel  or  de- 
pression must  be  less  than  100  feet  wide  because 
boreholes  and  cone  soundings  straddling  this  borehole 


-BLOWCOUNT   REGION   USED  IN  STATISTICAL    ANALYSIS 
-35  PERCENTILE  =  10  blovs/ 


Figure  75.  Corrected  Standard  Penetration  Resistance  Along  Toe 
Between  Stations  164  and  167 
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50  to  100  feet  away  did  not  find  it.  Borings  along  the 
downstream  toe  also  failed  to  find  it. 

Figure  80,  however,  shows  low  blowcounts  in  material  be- 
tween Elevations  93  and  97  feet  in  boreholes  between 
Stations  348  and  349.  Table  19  presents  the  corrected 
blowcounts  and  material  types  between  Stations  344  and 
350  for  Elevations  9 1  and  10 1  feet.  The  gradations  of  the 
sandy  materials  are  shown  in  Figure  81. 

Despite  the  large  non-homogeneity  of  material  at  this 
elevation  and  station,  it  was  decided  to  analyze  for  the 
possibility  of  a  continuous  low  blowcount  sand  layer. 
Therefore,  a  model  was  developed  that  had  a  9-foot 
thickness  with  an  assigned  corrected  blowcount  of  21. 
This  blowcount  was  obtained  by  taking  the  mean  of  all 
blowcounts  between  Elevations  91  and  101  feet,  which 


were  obtained  in  sandy  material  and  which  were  less  than 
30  blows  per  foot.  This  characterization  is  considered 
extremely  conservative. 

Figure  81  presents  the  gradation  range  of  silty  sands 
found  between  Stations  344  and  348  and  between  Eleva- 
tions 91  and  101  feet.  The  mean  D50  for  these  samples 
was  found  to  be  0.13  millimeters  and  the  mean  percent- 
age of  fines  is  34  percent.  The  model  developed  for  this 
site  is  shown  in  Figure  82. 

The  models  for  these  three  sites  all  incorporate  a  degree 
of  conservatism  in  the  characterizations  of  blowcounts.  If 
mean  blowcounts  had  been  adopted  instead,  then  the  cy- 
clic strengths  assigned  to  the  layer  would  be  expected  to 
be  between  20  to  50  percent  higher. 


Table  17.  Corrected  SPT  Blowcount  (Nai)  Distribution  Along  the  Downstream  Toe 
Between  Stations  164—167 
(blows/ft)] 


Death. 

ft 

Borehole 

Station 

14-15 

1        17-18 

20-21         1 

23 

81A-165  SPT  D 

164  +  53 

17 

11 

81A-167  SPT  L 

164-1-54 

13 

9 

70  + 

84  + 

81A-165  SPT  E 

164-1-59 

24 

24 

81A-165  SPT  A 

164-1-60 

16 

10 

70  + 

60 

81A-165  SPT  F 

164-1-65 

29 

18 

81A-167  SPT  H 

164  +  66 

11 

13 

68 

50 

81A-165  SPT  B 

164  +  78 

7 

7 

70  + 

70  + 

81A-167  SPT  K 

164  +  83 

13 

6 

70  + 

66 

81A-165  SPT  C 

164  +  85 

16 

8 

61 

70  + 

81A-167  SPT  G 

164  +  95 

11 

7 

70  + 

51 

81A-167  SPT  F 

165  +  30 

27 

7 

82 

54 

81A-166  SPT 

165  +  50 

28 

5 

70  + 

71 

81A-167  SPT  D 

166  +  40 

19 

20 

11 

64 

81A-167  SPT  A 

166  +  49 

60 

6 

7 

5* 

79-167  SPT 

166  +  55 

19 

11 

66 

47 

81A-167  SPT  E 

166  +  56 

21 

20 

14 

60  + 

81A-167  SPT  C 

166  +  65 

35 

7 

9 

47 

81A-167  SPT  N 

166  +  73 

38 

30 

25 

94 

81A-167  SPT  B 

166  +  79 

67 
stent  with  the 

11 

soil  generally 

found  at 

2* 
this  depth  and  that  is 

2* 

•Denotes  very  low  blow 

count  sand  that  is  not  inconsi 

surrounded  by  borings 

and  soundings  showing  highei 

penetration 

resistance  (set 

Figure  76  on  page  123). 

Note:  Tables  18, 19,  and  Figures  76-82  follow 


-  121  - 


Table  18.  Corrected  SPT  Blowcount  (Nai)  Distribution  Beneath  the  Embankment  Crest 

Between  Stations  164-170 

(blows/ft) 


Station 


45-46 


47-49 


53-55 


56-58 


81A-C164  SPT 

163  +  68 

21 

52 

39 

36 

33 

81A-C165  SPT 

164  +  68 

41 

39 

50  + 

49 

49 

81A-C166  SPT 

165  +  68 

50  + 

50  + 

50  + 

50  + 

50  + 

81A-C167  SPT 

166  +  68 

50  + 

50  + 

38 

45 

50  + 

81A-C168  SPT 

167  +  68 

50  + 

44 

38 

50  + 

43 

81A-C169  SPT 

168  +  68 

38 

26 

23 

38 

81A-C170  SPT 

169  +  68 

50  + 

24 

26 

20 

22 

Table  19.  Corrected  SPT  Blowcount  (Nai)  Distribution  Between  Stations  344—350 
(blows/ft) 


Elevation,  ft 

Borehole             | 

Location 

1       Station 

98-101 

95-97    1 

93-94   1 

91 

81A-C344SPT 

Crest 

344  +  50 

55  ML 

29  ML 

70  +  G 

G 

AB-52 

D/S  Toe 

«345 

SM 

ML 

SM 

G 

P-98 

D/S  Toe 

««346 

CL 

G 

- 

81A-C346SPT 

Crest 

346  +  44 

50  + 

34  ML 

70  SM 

81A-347SPT 

D/S  Toe 

346  +  90 

CL 

7CL 

22  SM 

70  +  G 

81A-C347SPT 

Crest 

347  +  00 

32  SC 

18  SM 

21  SC 

16  SM 

81A-348SPT 

D/S  Toe 

347  +  90 

20  CL 

WML 

G 

81A-C348SPT 

Crest 

348  +  06 

56  ML 

20  SM 

28  SM 

81A-C349SPT 

Crest 

349  +  00 

27  CL 

G 

81A-C350SPT 

Crest 

350  +  00 

47  ML 

Note:  CL  denotes  clay 
ML  denotes  silt 
SC  denotes  clayey  sand 
SM  denotes  silty  sand 
G  denotes  gravel 


Assumed  value  for  a  possible  silty  sand  layer  between  Elevations  90-99: 
Nai  =  21,  Z)5o  =  0.13 
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Figure  76.  Penetration  Resistance  of  Explorations  Near  Borehole  8IA-167  SPT  B 
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Figure  78.  Gradation  Characteristics  of 

Low  Blowcount  Sands 

Between  Stations  164  and  167 
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HEIGHT    OF  CLAY   E^f1BANKMENT  =  10.7    metres  (35feet) 
DEPTH    INTERVAL  OF  SATURATED  SAND  =4.-6.7   metres  (13-22  feet) 
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Figure  79.  MoM  Section  Devdoped  for  Analysis  of  Station  165  (WorksiU  2) 


Figure  80.  Corrected  SPT  ResisUmce  at  Thermalito  Afleihay  Dam  Stations  344  to  350 
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tions 344  to  348  and  between 
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Figture  82.  Model  Section  Devdoped  for  Analysis  of  Station  347  (Columbia  Soil) 


5.  ANALYSIS  OF  STATIC  STRESSES 


The  behavior  of  an  embankment  dam  subjected  to  dy- 
namic loading  is  significantly  influenced  by  the  stress  con- 
ditions existing  in  the  embankment  prior  to  earthquake 
shaking.  Therefore,  a  reasonable  estimate  of  the  static 
stresses  must  be  made  to  determine  the  embankment's 
dynamic  stability. 

To  estimate  the  static  stresses,  the  finite  element  method 
was  chosen.  Finite  element  meshes  were  constructed  to 
represent  the  geometry  and  conditions  existing  at  each  of 
the  three  suspect  locations  chosen  for  analysis.  Each 
mesh  extends  all  the  way  through  the  upper  soils  forma- 
tion down  to  the  surface  of  the  Mehrten  Formation.  Fig- 
ures 83  through  85  show  the  meshes  used  in  the  static 


stress  analyses  for  Station  107  (Site  1),  Station  165 
(Worksite  2),  and  Station  347  (Columbia  Soil). 

Two  static  finite  element  analyses  were  carried  out  for 
each  mesh.  One  was  for  a  full  reservoir.  Elevation  136.5 
feet,  and  the  other  was  for  a  lowered  reservoir.  Elevation 
128  feet.  The  downstream  water  levels  for  the  lower  res- 
ervoir condition  (Elevation  128  feet)  were  determined  by 
piezometers  installed  at  each  of  the  three  critical  sites. 
Since  groundwater  levels  were  unavailable  for  conditions 
when  the  reservoir  was  held  full  (Elevation  136.5  feet) 
for  a  sustained  period,  downstream  water  levels  for  full 
reservoir  were  estimated.  The  downstream  water  levels 
used  in  the  seismic  analyses  are  listed  on  page  128. 
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Figure  83.  FiniU  Element  Mesh  Used  in  Static  Stivss  Analysis  for  Thermalito  Aftethay  Dam  Station  107  (Site  1) 
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for  ThermaUto  Aftethay  Dam  Station  165  (Site  1) 
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Figure  85.  Finite  Element  Mesh  Used  in  Static  Stress  Analysis  for  Thermalito  Afterbay  Dam  Station  347 


(From  page  126) 


Site 

Reservoir 
Elevation 

Depth  Below  Ground 
Water  Level 

Station  107 

128.0  feet 
136.5  feet 

8  feet 
6  feet 

Station  165 

128.0  feet 
136.5  feet 

6  feet 
Ofeet 

Station  347 

128.0  feet 
136.5  feet 

Ofeet 
Ofeet 

Flow  nets  were  constructed  to  represent  the  two  different 
seepage  conditions  by  using  a  transformed  section  and  as- 
suming a  horizontal  permeability  equal  to  16  times  the 
vertical  permeability.  The  flow  nets  developed  for  each 
location  are  shown  in  Figures  86  through  88. 

For  each  reservoir  elevation,  seepage  and  buoyancy 
forces  were  simulated  by  equivalent  nodal  forces.  An  in- 
house  computer  program,  NOD  ALFOR,  was  used  to  cal- 
culate these  equivalent  nodal  forces.  The  calculated 
seepage  and  buoyanqr  forces  were  used  in  the  subsequent 
static  finite  element  analyses. 

Computer  program  TWIST  was  used  in  the  calculation  of 
static  stresses.  TWIST  is  an  in-house,  improved  version 
of  program  4-CST  and  uses  a  quadrilateral  element  that 
is  subdivided  into  two  incompatible  linear  strain  triangles. 
The  program  uses  linear  material  properties. 


Soil  parameters  necessary  for  the  static  analysis  consisted 
of  soil  density,  Young's  modulus,  and  Poisson's  ratio. 
Densities  were  obtained  from  values  determined  from  re- 
covered samples.  Young's  modulus  and  Poisson's  ratio 
values  were  calculated  from  hyperbolic  stress  strain  pa- 
rameters used  to  define  the  initial  tangent  modulus  and 
Poisson's  ratio  of  similar  soils.  These  parameters  were 
obtained  for  similar  soils  from  typical  values  published  by 
Wong  and  Duncan  (1974).  The  values  chosen  for  each 
analysis  are  presented  in  Figures  89  through  91. 

Studies  by  Lee  and  Idriss  (1975)  have  shown  that  linear 
elastic  gravity  turn-on  analyses  predict  virtually  the  same 
static  stress  distribution  as  the  more  sophisticated  non- 
linear analyses  by  computer  programs  such  as  ISBILD. 
These  studies  have  also  shown  that  the  results  are  not 
overly  influenced  by  the  choice  of  material  properties. 

In  analyzing  liquefaction  potential  for  dams,  the  Seed- 
Lee-Idriss  Method  assumes  that  the  stresses  on  the  hori- 
zontal plane  govern  behavior.  Therefore,  the  items  of 
interest  from  a  static  stress  analysis  are  the  vertical  effec- 
tive normal  stress  ( Oy  )  and  the  horizontal  shear  stress 
(r^y  ) .  The  horizontal  shear  stress  is  usually  represented 
by  the  alpha  value.  The  alpha  value  is  the  ratio  of  hori- 
zontal shear  stress  to  vertical  effective  normal  stress. 
Contours  of  the  vertical  normal  stresses  and  the  alpha 
values  for  the  models  analyzed  are  displayed  in  Figures 
92  through  94  for  both  reservoir  conditions. 

Figures  86  through  94  follow. 
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Figure  86.  Flow  Nets  Assumed  for  Static  Finite  Element  Analysis  of  Thermalito  Afterbay  Station  107  (Site  1) 
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Figure  87.  Flow  Nets  Assumed  for  Static  Finite  Element  Analysis  of  Thermalito  Aflerbay  Station  165  (Worksite  2) 
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Figure  88.  Flow  Neb  Assumed  for  Static  Finite  Element  Analysis  of  Thermalilo  Afterbay  Columbia  Soil  (Stations  348  and  351) 
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Figure  89.  Thermalito  Afterbay  Station  107  (Site  1)  Embankment  and  Foundation  Profile 
with  Stress-Strain  Parameters  Used  in  Static  Finite  Element  Analysis 
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Figure  90.  Thermalito  AfteHtay  Station  165  (Worksite  2)  Embankment  and  Foundation  Profile 
with  Stress-Strain  Parameters  Used  in  Static  Finite  Element  Analysis 
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Figure  91.  Thermalito  Afterbay  Station  347  (Columbia  Soil  Area)  Embankment  and  Foundation  Profile 
with  Stress-Strain  Parameters  Used  in  Static  Finite  Element  Analysis 
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Fig^re  92.  Contours  of  Effective  Vertical  Normal  Stress  and  Alpha  Values  Determined  from 
Static  Finite  Element  Analysis  of  Thermalito  Aflerbay  Station  107  (Site  1) 
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Figure  93.  Contours  of  Effective  Vertical  Normal  Stress  and  Alpha  Values  Determined  from 
Static  Finite  Element  Analysis  of  Thermalito  Afierbay  Station  165  (Worksite  2) 
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Figure  94.  Contours  ofEffeedre  Vertical  Normal  Stress  and  Alpha  Values  Determined  from 
SttOie  FiniU  Element  Antdysis  of  Thermalito  Afterbaj  Stadom  347  (Columbia  Soil  Area) 


6.  Earthquake  Motions 


Background 


On  August  1,  1975,  a  Richler  Magnitude  5.7  earthquake 
occurred  approximately  7.5  miles  southwest  of  OroviUe 
Oam  near  the  town  of  Palermo.  The  earthquake  se- 
quence and  associated  surface  cracking  revealed  a  previ- 
ously unidentified  "active"  fault  (Figure  95.)  A  detailed 
discussion  of  the  geological  and  seismological  studies  per- 
formed is  presented  in  Chapters  II,  m,  and  IV  of  Bulletin 
203-78. 


Shortly  after  the  1975  Oroville  Earthquake,  the  Special 
Consulting  Board  for  the  Oroville  Earthquake  recom- 
mended that  the  original  appraisals  of  probable  future  re- 
gional seismicity  in  the  site  areas  be  revised.  In  a  report 
dated  August  11,   1975,  the  Board  stated: 


". .  .In  view  of  the  developments,  it  is  appropriate 
to  consider  that  earthquakes  ranging  up  to  Magni- 
tude 6.5  may  occiu-  within  a  few  miles  of  the 
[Oroville]  dam  site. .  .  " 

Consequently,  a  program  for  the  dynamic  structural 
analysis  of  critical  structures  within  the  Oroville-Ther- 
malito  complex  was  implemented.  The  structures  de- 
fined as  critical  and  included  in  the  program  were 
identified  in  Bulletin  203-78  as: 

Oroville  Dam 
Oroville  Dam  Spillway 
Thermalito  Diversion  Dam 
ThermaUto  Powerplant  Headworks 
Thermalito  Forebay  Dam 
Thermalito  Afterbay  Dam 
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Figure  95.  UmeoMiaUs,  Faults,  amd  Retarded  Epictmten  Anmmd  Tkermalito  Afiahay 
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Figure  96.  Relationship  of  Thermalito  Afterbay  to  Assumed  Fault  Projections 


An  earthquake  accelerogram  or  accelerograms  were 
needed  for  analyzing  the  stresses  induced  by  the  pos- 
tulated future  Magnitude  6.5  earthquake.  In  a  report 
dated  September  12,  1975,  the  Board  recommended: 

".  .  .  that  an  appropriate  earthquake  motion  for 
re-evaluation  of  structures  critical  to  public  safety 
in  the  Oroville-Thermalito  complex  would  be  one 
producing  a  peak  acceleration  of  0.6g  and  having 
characteristics  similar  to  those  developed  near 
Pacoima  Dam  during  the  San  Fernando  earth- 
quake of  February  9,  1971 " 

The  Board  also  stressed  in  that  report  that  this  6.5  magni- 
tude represented  a  very  conservative  loading  condition: 


"...  the  Special  Board  emphasizes  that  the  hypo- 
thetical maximum  earthquake  of  Magnitude  6.5 
mentioned  in  the  Earthquake  Board's  report  of  1 1 
August  1975  is  considered  to  be  a  very  unlikely 
event  and  is  intended  to  be  used  for  safety  review. 
Furthermore,  it  is  our  judgment  that  any  earth- 
quake significantly  stronger  than  the  Magnitude 


5.7  event  of  1  August  1975  is  improbable  in  the 
near  future. . . ." 

The  motion  finally  developed  was  a  combination  of  the 
1971  Pacoima  Dam  S 16  E  record  and  the  first  ten  seconds 
of  the  1952  Taf  t  S  69  E  record.  The  motion  was  scaled  to 
have  a  peak  acceleration  of  0.6g  and  a  total  duration  of  20 
seconds.  This  motion  was  used  to  analyze  Oroville  Dam, 
Oroville  Dam  Spillway,  the  Thermalito  Diversion  Dam, 
and  the  Thermalito  Powerplant  Headworks,  and  was 
identified  as  the  Oroville  Reanalysis  Earthquake.  Fur- 
ther details  concerning  this  motion  are  presented  in 
Chapter  V  of  Bulletin  203-78. 

In  1976,  the  Board  was  asked  if  new  information  concern- 
ing the  seismicity  of  the  region  had  altered  the  original 
recommendation  of  analyzing  for  a  future  Magnitude  6.5 
event.  In  a  report  dated  November  23,  1976,  the  Board 
responded  with  the  following  statements: 

". . .  Since  the  last  meeting  of  the  Board,  substan- 
tial investigations  of  past  and  potential  future  seis- 
mic activity  along  the  western  Sierra  Nevada  have 
been  made  by  the  Department  of  Water  Re- 
sources, by  Woodward  Clyde  Consultants,  and  by 
the  U.  S.  Army  Corps  of  Engineers.  We  are  not 
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aware  that  these  investigations  have  produced  any 
information  to  date  which  would  cause  the  Board 
to  change  the  earthquake  motion  it  recommended 
in  its  response  to  Question  No.  4  in  the  report  of  12 
September,  1975  for  seismic  re-evaluation  of  the 
Oroville-Thermalito  Structures.  .  .  ." 

". . .  the  most  critical  portions  appear,  at  this  time, 
to  be  some  locations  along  the  Thermalito  Forebay 
and  Afterbay  Dams.  Accordingly,  it  is  recom- 
mended that  locations  of  critical  sections  of  these 
dams  be  determined  on  the  basis  of  the  existence 
of  low  density  soils,  particularly  loose  sands,  in  the 
foundation.  Field  sub-surface  explorations,  fol- 
lowed by  analyses  of  these  sections  under  the  ef- 
fects of  the  're-evaluation  earthquake'  should  be 
carried  out  on  an  urgent  basis  and,  where  potential 
instability  may  be  indicated,  corrective  designs 
should  be  developed  and  the  construction  accom- 
plished as  soon  as  possible." 

The  initial  analyses  of  Thermalito  Afterbay  Dam  in 
1976-78  were  conducted  using  the  Oroville  Reanalysis 
Earthquake  motion  as  the  applied  loading.  By  the  spring 
of  1979,  after  further  consideration  by  the  Department  of 
Water  Resources  (DWR)  staff  and  the  Special  Consult- 
ing Board,  it  was  decided  that  the  Oroville  Reanalysis 
Earthquake  motion  was  not  appropriate  for  use  in  analyz- 
ing the  Thermalito  Afterbay  Dam.  Two  characteristics  of 
the  Thermalito  Afterbay  Site  formed  the  basis  for  that  de- 
cision: 

1.  Thermalito  Afterbay  Dam  is  significantly  farther 
away  from  potential  earthquake  sources  than  either 
Oroville  Dam  or  Thermalito  Diversion  Dam. 

2.  Thermalito  Afterbay  Dam  is  founded  on  soil,  not  on 
rock  as  are  Oroville  Dam  and  Thermalito  Diversion 
Dam. 

These  characteristics  would  considerably  modify  not  only 
the  level  but  the  spectral  content  of  ground  motions  at 
the  site. 


tions  could  be  developed.  The  Board  went  on  to  suggest 
specific  investigations  of  the  site  and  also  suggested  that 
useful  information  would  be  gained  if  a  preliminary  seis- 
mic evaluation  were  carried  out  using  the  1940  El  Centro 
accelerogram  as  the  free-field  surface  ground  motion  at 
the  afterbay. 

As  a  result  of  the  foregoing,  an  extensive  program  was 
undertaken  to  further  define  the  foundation  characteris- 
tics at  depth  and  to  estimate  the  appropriate  ground  mo- 
tions for  the  afterbay. 

Foundation  Characteristics 

As  described  in  Section  4,  the  afterbay  is  founded  on  Red 
Bluff  Formation  or  on  alluvial  soils  overlying  Red  Bluff 
Formation.  Beneath  the  Red  Bluff  Formation  lies  the 
older,  more  consolidated  Mehrten  Formation.  Depths  to 
the  Mehrten  vary  from  about  65-200  feet.  The  shear 
wave  velocity  of  the  Mehrten  Formation  is  somewhere 
between  2,200-2,850  ft/sec  within  the  upper  100  feet  at 
Station  107  (Site  1). 

Several  empirical  studies,  such  as  those  by  Seed  et  al. 
(1975),  and  Idriss  and  Power  (1978)  have  subdivided  soil 
sites  into  two  basic  categories: 

-  Stiff  Soa  Sites: 

Composed  of  stiff  soils  underlain  by  a  rock-like  mate- 
rial. The  rock-like  material  is  considered  to  be 
shale-like  or  sounder,  as  evidenced  by  a  shear  wave 
velocity  of  about  2,500  ft/sec.  The  depth  to  rock-like 
material  is  no  greater  than  150-200  feet. 

-  Deep  SoU  Sites: 

These  sites  contain  more  than  about  200-250  feet  of 
soil  above  a  rock-like  material. 

Using  these  definitions,  the  Mehrten  Formation  can  be 
classified  as  a  rock  or  rock-like  material.  The  foundation 
profiles  along  the  Afterbay  Dam  are,  therefore,  classed 
as  stiff  soil  sites. 


In  their  report  dated  May  13, 1979,  the  Board  suggested 
that  a  free-field  ground  surface  motion  of  about  three 
quarters  the  Oroville  Reanalysis  Earthquake  motion 
would  be  appropriate  if  the  dam  were  founded  on  rock. 
However,  since  the  structure  is  founded  on  soil,  further 
definition  of  the  dynamic  properties  of  the  underlying 
soil  would  be  required  before  appropriate  ground  mo- 


Pertinent  Faults 

The  Cleveland  Hill  Fault  is  the  fault  which  ruptured  in 
1975  and  is  the  only  known  active  fault  in  the  area.  It  has  a 
northerly  trend  and  dips  approximately  60  degrees  to  the 
west.  Figure  95  shows  the  location  of  the  afterbay  relative 
to  the  Cleveland  Hill  Fault. 
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Table  20.    Ranges  of  Source-to-Site  Horizontal  Distances  for  Thermalito  Afterbay  Dam 

Source-to-Site    Horizontal  Distances,  miles 
Station ^ 


Fault 


107 


165 


347 


Cleveland  HUl 


Possible  Prairie  Creek  Lineament 
Extension  Trending  Through  Oroville 


Possible  Prairie  Creek  Lineament 

Extension  Trending  Near  Thermalito  Forebay  7 


Subsequent  to  the  initial  evaluations  of  earthquake  mo- 
tions, additional  consideration  was  given  to  the  Prairie 
Creek  Lineament.  This  lineament  ends  about  8  miles 
south  of  Oroville.  However,  the  bedrock  fault  zone  may 
be  assumed  to  extend  northward,  concealed  by  the  onlap- 
ping  valley  sediments  (Reference  17).  Evidence  suggest- 
ing northward  extension  of  the  "Prairie  Creek  Lineament 
Fault  Zone"  includes  (1)  a  linear  array  of  local  lurch  crack 
sites  along  this  extension;  (2)  the  occurrence  of  a  few  deep 
aftershocks  northwest  of  Oroville  which  coincide  with  this 
alignment;  (3)  apparent  stratigraphic  discontinuities  or 
abrupt  changes  in  stratigraphic  gradients  across  the  ex- 
tension, and,(  4)  if  extended  far  enough,  the  occurrence  of 
several  faults  which  do  cut  Cenozoic  units  and  trend  in 
the  same  direction  as  the  extension.  It  is  assumed  that 
this  fault  zone  is  capable  of  producing  the  same  magni- 
tude earthquake  postulated  for  the  Cleveland  Hill  Fault. 

The  Prairie  Creek  Lineament  Fault  Zone  is  probably 
steeply  dipping  or  vertical,  possibly  merging  with  the 
westerly  dipping  Cleveland  Hill  Fault  at  depth.  Figures 
95  and  96  illustrate  the  relationship  of  the  Afterbay  Dam 
with  both  the  Cleveland  Hill  Fault  and  the  possible  exten- 
sion of  the  Prairie  Creek  Lineament  Fault  Zone. 

Table  20  lists  the  range  of  horizontal  distances  from  the 
three  modeled  sites  to  the  two  fault  zones.  The  horizon- 
tal distances  to  the  Cleveland  Hill  Fault  were  determined 
by  assuming  a  depth  of  5.5  miles  to  the  energy  source  and 
projecting  vertically  to  the  surface.  Two  horizontal  dis- 
tance ranges  are  shown  in  Table  20  for  the  Prairie  Creek 
Lineament  Fault  Zone,  one  for  a  possible  extension 
trending  near  Thermalito  Forebay,  the  other  for  a  possi- 
ble extension  trending  through  the  town  of  Oroville  (see 
Figures  95  and  96). 

The  numbers  in  Table  20  show  that  the  source-to-site 
horizontal  distances  for  the  three  modeled  sites  range  be- 


tween 5  to  9  miles.  The  source-to-site  distances  from  the 
other  suspect  sites  all  fall  within  this  range.  A  single 
source-to-site  horizontal  distance  of  7 miles  was  selected 
for  all  sites  along  the  afterbay.  This  would  mean  that  sites 
along  Highway  99,  such  as  Station  165,  have  been  ana- 
lyzed with  accelerations  that  are  slightly  too  high,  and  that 
sites  near  Station  347  (river  outlet)  have  been  analyzed 
with  accelerations  that  are  slightly  too  low.  However,  the 
differences  are  considered  minor.  For  a  7-mile  distance, 
a  1-mile  change  would  alter  the  maximum  acceleration  by 
approximately  0.03g. 

Selection  and  Scaling  of  Accelerograms 

Current  practice  is  to  estimate  appropriate  ground  mo- 
tion characteristics  from  correlations  developed  from  re- 
corded earthquake  accelerograms.  The  significant  pa- 
rameters for  estimating  these  characteristics  are  the  mag- 
nitude of  the  earthquake,  distance  from  energy  source  to 
site,  and  foundation  characteristics  of  the  site.  These 
characteristics  can  then  be  used  to  choose  and  modify  ex- 
isting records  to  be  used  as  the  loading  for  the  site  in 
question. 

The  selection  of  a  6.5  magnitude  was  recommended  by 
the  Special  Consulting  Board.  The  Department  inter- 
preted this  selection  as  being  veiy  conservative  for  the 
conditions  at  Oroville.  The  Board's  comments  support 
this  interpretation.  In  selecting  ground  motion  parame- 
ters for  a  6.5  magnitude  event,  the  Department  decided 
to  use  mean  values  for  peak  acceleration  and  spectral 
content.  Although  it  has  become  increasingly  common  to 
use  an  84th  percentile  (mean  plus  one  standard  devia- 
tion) instead  of  the  mean  for  either  peak  acceleration  or 
the  spectral  content,  it  was  judged,  with  the  conservatism 
already  included  in  the  selection  of  the  6.5  magnitude. 
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Table  21.  Comparison  of  Approaches  for  Selecting  Earthquake  Motion  Parameters 


Spectral 
Magnitude  Content 


Peak  Acceleration 

amax  (g) 


R  =  (teq/r,r,»^)l5cycles 


Average  Acceleration 

R*amax(g) 


6.5 


6.25 


(mean) 


(mean) 


0.35 

0.56 

(mean) 

(mean) 

0.41 

0.49 

(mean  +  a ) 

(mean) 

0.20 


0.20 


that  additional  conservatism  in  the  earthquake  motion 
parameters  was  inappropriate. 

For  a  stiff  soil  site  located  7  miles  horizontally  away  from 
the  causative  energy  source,  the  mean  value  for  peak  ac- 
celeration according  to  Seed  and  Idriss  (1982)  would  be 
about  0.35g.  The  ratio  (R)  of  equivalent  stress  for  15  uni- 
form cycles  ('■eg  )  to  the  peak  stress  derived  from  a  mag- 
nitude 6.5  time  history  (^max)  would  be  about  0.56  (Ref- 
erence 41).  These  values  were  adopted  together  with  a 
mean  spectral  content  for  the  earthquake  motions  used  in 
re-analyzing  Thermalito  Afterbay  Dam. 

Alternatively,  the  Department  could  have  selected  the 
same  parameters  by  going  through  a  slightly  different  ap- 
proach. If  the  Department  had  selected  a  less  conserva- 
tive magnitude,  such  as  6.25,  for  re-evaluating  Ther- 
malito Afterbay  Dam,  then  extra  conservatisms  in  either 
peak  acceleration  or  spectral  content  would  be  appropri- 
ate. The  84th  percentile  value  for  peak  acceleration  for  a 
6.25  magnitude  event  would  be  about  0.4  Ig  and  the  ratio 
(R)  of  equivalent  stress  for  15  cycles  to  the  peak  stress 
from  a  6.25  magnitude  event  would  be  about  0.49  (Refer- 
ence 41). 

For  comparison  between  the  two  approaches,  the  value 
that  is  appropriate  to  be  compared  is  the  average  accel- 
eration. The  average  acceleration  is  the  product  of  the 
peak  acceleration  (  Qmax  )  and  the  equivalent  stress  ratio 
(R)  for  15  cycles.  Table  21  illustrates  how  the  average  ac- 
celeration (R*  Qmax )  is  the  same  (0.20)  for  either  ap- 
proach. In  effect,  the  design  earthquake  parameters 
used  in  this  study  are  equivalent  to  the  use  of  84th  percen- 
tile values  corresponding  to  a  magnitude  6.25  event. 

Three  accelerograms  have  been  used  to  analyze  Ther- 
malito Afterbay  Dam.   Three  motions  were  considered 


necessary  to  account  for  the  variability  in  frequency  con- 
tent, number  of  significant  cycles,  and  total  duration.  The 
motions  chosen  were  ground  surface  accelerograms  re- 
corded on  soil  during  earthquakes  with  Richter  magni- 
tudes of  about  6.5  and  at  source-to-site  distances  of  10  to 
22  miles.  Ground  motions  recorded  on  soil  were  picked 
because  there  are  more  such  motions  available  appropri- 
ate to  the  earthquake  magnitude  and  site  distance  than 
rock  motions.  In  addition,  the  suspect  sand  layers  are 
closer  to  the  soil  surface  than  the  deeper  rock  boundary. 
The  characteristics  of  the  three  accelerograms  are  listed 
in  Table  22.  All  three  accelerograms  were  scaled  to  have 
a  peak  acceleration  of  0.35g. 

Figure  97  shows  the  three  selected  accelerograms  scaled 
to  a  0.35g  peak  acceleration.  The  lengths  are  limited  to 
the  first  20  seconds  to  make  the  duration  consistent  with 
the  Oroville  Reanalysis  Earthquake.  The  corresponding 
acceleration  response  spectra  are  also  shown,  along  with 
the  average  response  spectrum  for  stiff  soil  sites  (Seed  et 
al.,  1974). 

The  predominant  period  varies  from  about  0.25  to  0.4  sec- 
onds, and  the  shapes  of  the  spectra  are  similar  and  close 
to  the  average  spectrum  for  stiff  soil  sites.  Figure  98 
shows  the  mean  acceleration  spectrum  of  the  three  se- 
lected accelerograms  together  with  the  average  stiff  soil 
spectrum  developed  by  Seed  et  al  (1974).  The  natural 
periods  of  the  embankment  models  range  between  0.3 
and  0.7  seconds.  Within  this  range,  the  mean  of  the  three 
accelerogram  spectra  exceed  the  average  stiff  soil  site 
spectrum  (Seed  et  al,  1974)  by  zero  to  25  percent.  There- 
fore there  is  an  extra  conservatism  in  the  spectral  content. 


The  number,  amplitude,  and  frequency  of  large  accelera- 
tion pulses  vary  for  the  three  acceleration  records.  It  was 
concluded  that  averaging  the  cyclic  shear  stresses  pro- 


139 


PERIOD  (SECONDS) 


PSU    ACCELERATION   SESP    SPE'TTR 


TIME   (SECONDS) 


PERIOD  (SECONDS) 


Figure  97.  Design  Accelerograms  and  Acceleration  Response  Spectra 
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Table  22 
Recorded  Accelerograms  Selected  for  Developing  Re-evaluation  Earthquake  Motions 


Original 

Scaling 

Approximate 

Peak 

Factor 

Estimated 

Source 

Accelera- 

to Obtain 

Instrument 

Earth- 

Station 

Soil  Depth 

Distance 

tion 

035  Peak 

Component 

auake 

Location 

(feet) 

(miles) 

(R) 

Acceleration 

Bearing 

Eureka  Eureka 

12/21/54        Federal 
(Ml =6.6)      Building 


250 


N79E 


San  Hollywood 

Fernando  Storage 

2/09/71  P.E.  Lot 
(Ml= 6.6) 


200 


22 


0.21 


N90E 


Imperial  McCabe 

Valley  School 

10/15/79  Array  11 
(Ml=6.4) 


0.38 


0.93 


S50W 


References:     1)  Hudson  and  Brady  (1971) 

2)  Brady  et  al.  (1980) 

3)  Seed  et  al.  (1974) 
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Figure  98.  Comparison  of  the  Mean  Spectrum  of  the  Three 
Design  Accderograms  to  the  Average  Stiff  Soil  Site  Spectra 


duced  by  the  three  accelerograms  will  reasonably  accoimt 
for  overall  frequency  content  and  duration  of  strong 
shaking  for  earthquake  magnitudes  up  to  6.5  occurring 
7  miles  from  a  stiff  soil  site. 

A  draft  report  describing  the  selection  of  proposed  mo- 
tions was  sent  to  members  of  the  Board.  Their  comments 
are  contained  in  an  August  14, 1980  letter  from  Professor 
George  Housner,  Chairman: 

"The  committee  on  Thermalito  Dam  has  reviewed 
the  draft  copy  of  the  section  "Design  Earthquake 
of  the  Thermalito  Afterbay  Dam— Evaluation  of 
Seismic  Stability  Report.  The  following  steps  are 
planned  for  the  analysis: 

(1)  A  surface  ground  motion  having  0.35g  peak  ac- 
celeration will  be  specified  for  the  ground  surface 
in  the    vicinity  of  Thermalito  Dam.  This  ground 
motion  will  be  in  the  form  of  magnitude  6.5  ± 
earthquakes. 

(2)  A  corresponding  base  rock  motion  will  be  de- 
termined at  depth  so  that  when  this  is  used  as  input 


the  calculated  surface  motion  will  reproduce  the 
specified  0.35g  recorded  accelerogram.  The 
stresses  and  strains  in  the  materials  beneath  the 
surface  of  the  ground  will  be  calculated  and  the 
ability  of  the  soil  to  survive  under  these  deforma- 
tions will  be  analyzed. 


(3)  The  same  base  rock  input  motion  will  be  used 
to  excite  a  soil  column  beneath  the  dam,  including 
the  dam  overburden.  The  calculated  stresses  and 


strains  will  then  be  used  to  determine  the  ability  of 
the  soil  material  to  survive. 


The  Committee  feels  that  the  foregoing  is  an  ap- 
propriate method  of  analyzing  the  ability  of  the  soil 
material  to  survive  the  dynamic  stresses  and 
strains.  Several  ground  surface  accelerograms 
should  be  used  in  the  analysis,  and  one  of  these 
should  be  a  record  obtained  on  relatively  hard 
ground." 


7.  ANALYSIS  OF  EARTHQUAKE  INDUCED  DYNAMIC  STRESSES 


The  approach  used  to  determine  the  dynamic  stresses  in 
the  suspect  silty  sand  layers  was  to  conduct  a  set  of  one- 
dimensional  dynamic  response  analyses  for  each  of  the 
three  model  sections.  Analyses  were  carried  out  using 
several  soil  columns  in  the  embankment  and  foundation. 
Eight  soil  columns  were  used  at  Station  107(Site  1)  as  il- 
lustrated in  Figure  99.  Station  165  (Worksite  2)  involved 
seven  columns  as  shown  in  Figure  100;  and  the  upstream 
and  downstream  sides  were  analyzed  separately  because 
of  the  distinct  difference  in  SPT  Nm  value  of  the  founda- 


tion sand.  Station  347  in  the  Columbia  Soil  Area  was 
modeled  using  five  columns  as  shown  in  Figure  101. 

These  one-dimensional  analyses  were  chosen  instead  of 
two-dimensional  finite  element  methods  because  of  the 
smaller  time  and  cost  requirements.  Studies  such  as  those 
by  Viymoed  and  Calzascia  (1978)  and  Smith  (1979)  have 
indicated  that  such  an  approach  gives  reasonably  good 
agreement  with  the  more  sophisticated  techniques  of  the 
finite  element  method.  Another  reason  for  the  choice  of 
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the  one-dimensional  analysis  was  the  necessity  of  decon- 
volving input  ground  surface  motions  down  to  base  rock. 

The  computer  program  used  in  the  analyses  was  program 
SHAKE,  which  was  developed  by  Schnabel,  et  al.  (1972). 
SHAKE  vertically  propagates  shear  waves  through  hori- 
zontally layered  deposits  by  solution  of  the  wave  equa- 
tion. To  represent  the  non-linearity  of  dynamic  soil 
properties,  the  equivalent  linear  method  and  an  iterative 
process  is  used.  The  solution  of  the  wave  equation  is  done 
in  the  frequency  domain  with  the  complex  response 
method. 

The  shear  wave  velocity  results  were  used  to  define  the 
dynamic  shear  modulus  at  low  strain.  Average  modulus 
reduction  and  damping  curves  for  sands  and  clays  re- 


ported by  Seed  and  Idriss  (1970)  were  used  to  represent 
the  modulus  and  damping  values  at  higher  strain  levels. 
The  surface  of  the  Mehrten  Formation  was  adopted  as 
base  rock.  A  shear-wave  velocity  of  2,600  feet/sec  was 
employed  to  represent  the  average  stiffness  of  the  rock 
half  space  (Mehrten).  The  material  properties  of  the 
foundation  soil  columns  are  presented  in  Figure  102 
through  104. 

For  Station  107  (Site  1),  analyses  were  made  for  each  of 
the  three  surface  motions  for  the  postulated  6.5  magni- 
tude event.  Each  motion  was  input  at  the  surface  of  col- 
umn 8  and  deconvolved  down  to  base  rock.  The  base  rock 
motion  is  the  motion  at  the  surface  of  the  Mehrten  be- 
neath 190  feet  of  overburden.  The  base  rock  motion  was 
then  converted  into  an  outcrop  rock  motion,  which  is  what 
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would  occur  at  the  surface  of  the  Mehrten  if  there  were 
no  soil  overburden. 


The  rock  outcrop  motion  was  then  converted  into  seven 
base  rock  motions,  for  the  overburden  conditions  of  the 
seven  other  soil  columns.  These  base  rock  motions  repre- 
sent the  acceleration  time  histories  at  the  surface  of  the 
Mehrten  Formation  beneath  the  appropriate  overburden 
layers.  The  base  rock  motions  were  then  propagated  up- 
ward to  obtain  the  response  of  the  overlying  soils.  The 
process  is  illustrated  in  Figures  99  through  101.  The  re- 
sulting motions  produced  in  the  analyses  are  illustrated 
for  columns  4  and  8  at  Station  107  (Site  1)  for  all  three 
accelerograms  in  Figures  105  through  107.  This  proce- 
dure has  been  used  for  projects  in  studies  by  Schnabel,  et 
al.  (1972),  Seed,  et  al.  (1974),  and  Pyke,  et  al.  (1978). 


The  three  sets  of  analyses  produced  time  histories  of  in- 
duced shear  stress  for  the  sand  layers  of  concern.  Typical 
time  histories  are  shown  in  Figure  108.  In  order  to  relate 
to  cyclic  triaxial  test  strengths,  the  irregular  time  histories 
were  converted  into  15  equivalent  uniform  cycles  of  stress 
with  amplitudes  equal  to  56  percent  of  the  peak  values. 
This  conversion  was  based  upon  values  suggested  by  Seed 
and  Idriss  (1981). 

For  Station  107  (Site  1)  the  prediction  of  liquefaction  po- 
tential in  the  sand  layer  at  any  one  location  employed  the 
mean  value  of  the  three  equivalent  shear  stresses  from 
the  design  motions.  The  other  two  models  were  analyzed 
for  only  the  McCabe  School  surface  motion.  This  motion 
was  chosen  for  three  reasons: 

1.  Its  acceleration  response  spectrum  best  matched  the 
average  spectrum  for  stiff  soil  sites  (Figure  97). 
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2.  It  required  the  least  scaling  of  accelerations. 


produced  by  all  three  motions. 


3.  At  Station  107  (Site  1),  the  shear  stresses  induced  by 
this  motion  were  close  to  the  mean  of  the  stresses 


As  at  Station  107  (Site  1),  the  control  point  at  the  other 
two  models  for  applying  the  motion  was  the  surface  of  the 
foundation  beyond  the  toe  (Figures  100  and  101). 


Figure  103.  Column  1  Material  Properties  for  Thermalito 
Afterbay  Station  165  Station  165  (Worksite  2) 


Figure  104.  Column  1  Material  Properties  for  Thermalito 
Aflerbay  Station  347  (Columbia  SoU  Area) 
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Figure  105.  Dynamic  Response  Motion  Produced  in  Shake  Analysis  for  Thermatito  Afterbay  Station  107  (Site  1) 
Using  the  Eureka  Federal  Building  N79E  Record 
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Figure  106.  Dynamic  Response  Motion  Produced  in  Shake  Analysis  for  Thermalito  Afterbay  Station  107  (Site  1) 
Using  the  Hollywood  Storage  P.E.  Lot  N90°E  Record 
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NOTE;    FOR    EQUIVALENT    UNIFORM    CYCLES    THE  STRESS 
AMPLITUDE    EQUALS    56%   OF   THE  MAXIMUM 
STRESS    FROM   THE   IRREGULAR   STRESS  TIME  HISTORY. 


Figure  108.  Typical  Shear  Stivss  Time  Histories 
and  Equivalent  Uniform  Cyde  Conversion 
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8.  STATIC  AND  CYCLIC  SHEAR  STRENGTHS 


In  earlier  evaluations,  two  methods  were  used  to  define 
the  cyclic  strength  of  the  foundation  sands  at  Thermalito 
Afterbay.  One  method  used  results  from  cyclic  triaxial 
tests  performed  on  piston  samples  recovered  in  1978;  the 
other  used  empirical  correlations  between  the  develop- 
ment of  liquefaction  during  earthquakes  and  SPT  resis- 
tance. These  two  methods  gave  much  different  results 
with  the  SPT  correlation  indicating  much  weaker 
strengths.  It  was  thought  that  the  differences  might  be 
attributed  to  sampling  and  testing  imperfections  with  the 
recovered  piston  samples  and/or  flawed  interpretations 
of  the  SPT.  It  was  also  considered  possible  that  the  SPT 
correlation,  developed  mainly  for  clean  sands,  might  not 
be  appropriate  for  the  silty  sands  found  at  Thermalito  Af- 
terbay. However,  very  little  data  were  available  prior  to 
1981  regarding  the  effect  of  fines  on  SPT  resistance  and 
liquefaction  potential. 

For  the  1981  analyses,  precautions  were  taken  to  mini- 
mize imperfections  in  the  sampling  and  testing  phases. 
As  mentioned  previously,  a  site  specific  correlation  was 
developed  between  the  Standard  Penetration  Test  resis- 
tance determined  in  the  field  and  the  cyclic  strength  de- 
termined in  the  laboratory.  In  addition,  more  information 
regarding  the  question  of  gradation  effects  became  avail- 
able when  Tokimatsu  and  Yoshimi  (1981)  published  their 
SPT  correlations. 

Static  Shear  Strength 

The  static  shear  strength  for  embankment  and  foundation 
soils  was  determined  by  performing  several  series  of  con- 
solidated-undrained  triaxial  compression  tests  with  pore 
pressure  measurements: 

1.  Eleven  tests  were  carried  out  in  1978  on  Pitcher  bar- 
rel samples  of  the  embankment  clay  from  four  loca- 
tions(Stations  107,  173,  203,  and  281). 

2.  Twenty-three  tests  were  carried  out  in  1978  on 
Pitcher  barrel  samples  of  the  silt/clay  cap  within  the 
Red  Bluff  Formation  from  four  locations  (Stations 
107,  173,  203,  and  281). 

3.  Three  tests  were  carried  out  in  1978  on  piston  sam- 
ples of  the  silty  sand  (Nai  o-  20)  found  at  Station 
107  (Site  1). 


4.  Five  tests  were  carried  out  in  1980  on  Pitcher  barrel 
samples  of  embankment  clay  from  Station  286. 

5.  Ten  tests  were  carried  out  in  198 1  and  1982  on  piston 
samples  of  silty  sand  (N^i    ~  7)  from  Station  166 
(Worksite  2). 

6.  Twenty-one  tests  were  carried  out  in  1982  on  Pitcher 
barrel  samples  of  the  silty /clay  cap  in  the  Columbia 
Soil  Area  between  Stations  346  and  363. 

Results  from  the  triaxial  compression  tests  are  shown  in 
Figures  109  and  110  for  the  embankment  clay  and  Red 
Bluff  Formation  silt/clay  cap.  A  comparison  of  the 
drained  strength  found  in  1978  and  1980  with  the  drained 
strength  used  in  design  is  presented  in  Figure  111  and 
shows  the  design  strength  to  be  significantly  lower. 


Results  for  tests  made  on  the  Columbia  Soil  are  summa- 
rized in  Figure  112.  Figure  113  presents  a  comparison  of 
the  drained  strength  determined  in  1981  with  the  strength 
used  in  design.  This  comparison  also  shows  the  design 
strengths  to  be  significantly  lower  than  what  was  deter- 
mined in  this  program. 

Figure  114  shows  deviator  stresses  and  pore  pressures 
plotted  against  axial  strain  for  the  1978  tests  of  the  silty 
sand  (  Nm  cs:  20)  ( from  Station  107  (Site  1).  Also  shown 
are  the  results  of  a  test  for  the  silty  sand  from  Lower  San 
Fernando  Dam,  which  liquefied  during  the  1971  San  Fer- 
nando Earthquake  (Ml  =  6.6).  The  plots  indicate  good 
agreement  between  the  two  types  of  materials  and  show 
medium  dense  sand  behavior  with  a  tendency  to  dilate  at 
strains  above  1  percent.  Figure  115  summarizes  some  of 
the  data  in  the  form  of  mohr  diagrams. 

Figure  116  shows  deviator  stresses  and  pore  pressures 
plotted  against  axial  strain  for  the  1982  tests  of  the  silty 
sand  (  Nai  ^  7)  from  Station  166  (Worksite  2).  The 
plots  slow  a  loose  sand  with  virtually  no  tendency  to  di- 
late with  increased  levels  of  strain.  Figure  117  shows 
some  of  the  same  data  plotted  in  the  form  of  p-q  dia- 
grams. 

Table  23  summarizes  all  of  the  static  shear  strengths. 
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Figure  110.  Static  Drained  Shear  Strength  Determined  fivm 

CUE  Triaxial  Tests  on  Undisturbed  Samples  ofThermaUto 

Afterbay  Embankment  and  Foundation  Silt/Oay 
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Figure  111.  Comparisons  of  Drained  Shear  Strength 

Between   Undisturbed  Samples  of  Thermalito  Afterbay 

Embankment  and  Values  Used  During  Design 
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Figure  112.  Static  Shear  Strengths  Determined  from  CUE 

Triaxial  Tests  Performed  on  Samples  ofThermalito 
Afierbay  Silt/Oayfrom  Station  347  (Columbia  Soils  Area) 
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Figure  114.  Static  CUE  Triaxial  Test  Results 

for  Undisturbed  Samples  of  Thermalito  Afterbay 

Foundation  Silty  Sand 

(Nai  i=»  20  blows/foot) 
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Figure  115.  Static  Shear  Strength  of  Thermalito  Afterbay 

Station  107  (Site  I)  Foundation  Silty  Sand  Determined  by 

CUE  Triaxial  Compression  Tests  on  Undisturbed  Samples 

(Nai  »  20) 


Table  23.  Static  Shear  Stren£th  Summary  for  Thermalito  Afterbay  Materials 
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Figure  116.  Static  CUE  Triwdal  Test  Results  for  Undisturbed 

Samples  of  Thermalito  Afterbay  Foundation  Silty  Sands 

(Nai  «=»  7bloM>slfoot) 
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Figure  117.  Static  Shear  Strengths  Determined  from  CUE 

Triaxiat  Tests  Performed  on  Samples  of  Thermalito  Afterbay 

Foundation  Silty  Sands  (Nai  «  7 blows/foot) 


Cyclic  Shear  Strength 

The  qrclic  shear  strength  of  suspected  liquefiable  soils 
was  determined  by  performing  numerous  cycUc  triaxial 
tests  on  recovered  piston  and  Pitcher  barrel  samples: 

1 .  Fourteen  tests  were  performed  in  1976  on  recovered 
samples  of  sandy  soils  from  different  sites  around 
Thermalito  Afterbay  Dam.  The  samples  were  ob- 
tained using  the  DWR  thick-walled  sampler  and 
probably  came  from  deposits  with  an  average  cor- 
rected blowcount  of  about  38.  The  consolidation 
conditions  used  were: 


(ficiksc) 


No.  of  Tests 


1.0 
3.0 


Four  tests  were  made  in  1980  on  recovered  Shelby 
push  samples  of  Columbia  Soil  Area  silty  sands  and 
clay  (Stations  351  and  361).  The  consolidation  condi- 
tions used  were: 


(ficiksc) 

Kc 

a'iciksc) 

Kc 

No.  of  Tests 

No.  of  Tests 

0.5 
1.0 

1.0 
1.0 

I 

1.0 
3.0 

1.0 
1.0 

8 
6 

3 

2.  Thirty-six  tests  made  in  1978  on  recovered  piston  sam- 
ples of  silty  sand  from  Station  107  (Site  l,NAi  «  20)  and 
Station  173  (Site  2,  A^i  =«  40).  Twenty-eight  tests  were 
also  performed  on  reconstituted  samples  from  both  sites 
that  were  constructed  to  the  approximate  density  of  "Un- 
disturbed" samples  by  pluviation  through  air.  In  addi- 
tion, a  few  of  the  remolded  specimens  were  subjected  to 
intervals  of  small  qrcles  of  stress  prior  to  actual  testing. 
Consolidation  conditions  used  consisted  of  the  following: 

"UNDISTURBED"  SAMPLES 


One  hundred  twenty  six  tests  were  made  in  1981  and 
1982  on  recovered  piston  samples  of  sands.  In  addi- 
tion, eight  tests  were  made  on  some  low  blowcount 
silts  and  clays  from  the  Columbia  Soil  Area.  This 
program  was  instigated  to  develop  a  site-specific  cor- 
relation between  blowcounts  and  cyclic  triaxial 
strengths  for  Thermalito  Afterbay.  Therefore,  these 
tests  were  performed  on  materials  representing  cor- 
rected blowcounts  between  7  and  46.  The  consolida- 
tion conditions  used  were:  * 


cf'3c(ksc) 


No.  of  Tests 


&3c(ksc) 


No.  of  Tests 


0.5 
1.0 
1.0 
3.0 


1.0 
1.0 
2.5 
2.5 


1.0 
1.5 
1.0 
1.5 


Remolded  Samples 

(See  next  column) 


The  test  results  for  the  1976  program  are  shown  in  Figure 
118  for  the  development  of  ±  5  percent  axial  strain. 
Since  these  samples  were  taken  with  the  thick-walled 
sampler,  severe  disturbance  probably  resulted.  In  addi- 
tion, the  cyclic  strength  did  not  correlate  well  with  SPT 
resistance  at  the  sampling  sites.  Therefore,  these  results 
were  not  used  in  subsequent  analyses. 

Test  results  from  the  "undisturbed"  1978  samples  are 
shown  in  Figure  119  (failure  was  defined  as  10  percent 
axial  strain).  The  results  indicate  that  the  silty  sands  from 
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Figure  118.  Results  of  1976  Cyclic  Triwdal  Tests  on  ThermaUto  Aflethay  and  Fortbay  Sands 

samples.  Furthermore,  these  sample  strengths  could  not 
be  correlated  to  blowcounts  because  no  SPT  borings  were 
performed  in  the  areas  of  the  sample  borings.  Therefore, 
these  four  tests  were  also  not  used  in  subsequent  analy- 
ses. 


Station  107  (Site  1,  Site  l,NAl  ~  20)  give  about  the 
same  strength  as  the  relatively  clean  sands  from  Station 
173  (Site  2,  NAl  ~  38).  A  typical  test  trace  for  the  Sta- 
tion 107  (Site  1,  NAl  ~  20)  silty  sand  is  shown  in  Figure 
120.  With  soils  having  drastically  different  blowcounts 
giving  virtually  identical  strengths,  the  question  of  sample 
disturbance  was  raised.  In  addition,  since  the  piston  sam- 
pling was  usually  carried  out  approximately  50  feet  away 
from  the  SPT  borings,  the  blowcounts  might  not  have 
been  representative  of  the  material  sampled. 


The  sampling  and  testing  in  1980  of  the  Columbia  Area 
soils  yielded  relatively  high  strengths  compared  to  the 
1978  "undisturbed"  strengths  (Figure  121).  However, 
these  samples  were  obtained  using  Shelby  pushes  and 
transported  without  the  same  special  care  £is  the  1978 


The  results  of  the  testing  performed  in  1981  and  1982  on 
recovered  piston  samples  are  shown  in  Figures  122 
through  125  for  the  four  consolidation  conditions  tested 
(failure  was  defined  as  10  percent  axial  strain).  Not  all  of 
the  tests  are  shown  since  some  samples  had  excessive  dis- 
turbance due  to  freezing  experiments  or  sampling  mis- 
takes. A  complete  list  of  test  results,  however,  is  pre- 
sented in  Addendum  E.  The  figures  show  a  definite  in- 
crease in  strength  with  increasing  blowcount— a  trend 
not  found  in  1978.  The  gradations  of  both  the  SPT  sam- 
ples and  the  corresponding  cyclic  triaxial  specimens  are 
shown  in  Figures  126  through  130. 
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Figure  119.  Cydic  Triaxial  Test  Results  from  "UnSsturbed"  1978  Samples  of  ThermaUto  Afterbay  Foundation  Silty  Sands 
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Figure  121.  Comparison  ofCydic  Triaxial  Test  Results  from  "UtuBstuHfed"  1980  Samples  of  Columbia  Soils 
wiOi  Results  fivm  1978  Samples  of  Foundation  SUfy  Sands  from  Sites  1  and  2 
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Figure  127.  Comparison  of  Gradation  Envdopesfor 

Thermalito  Afterbay  Piston  Samples  and  SPT  Samples 
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Figure  130.  Comparison  of  Gradation  Envdopesfor 
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1981-82  Correlation  of  Cyclic  Strength  with  SPT 

The  basic  approach  in  this  investigation  was  to  search  for 
weak  sandy  soils  using  the  SPT  and  then  to  define  the  cy- 
clic strength  of  the  soils  by  the  cyclic  triaxial  test.  The 
resulting  correlation  was  then  used  to  define  the  strength 
of  soils  at  other  locations  where  only  SPT  resistance  was 
known. 

Empirical  correlations  between  earthquake-induced 
liquefaction  and  the  SPT  resistance  have  been  developed 
for  locations  all  over  the  world.  The  two  most  recent  and 
prominent  correlations  are  those  developed  by 
Tokimatsu  and  Yoshimi  (1981)  and  by  Seed  and  Idriss 
(1981).  Both  of  these  are  somewhat  interrelated  since 
some  of  the  data  and  methods  are  shared  between  the 
two  studies. 

To  compare  the  SPT  cyclic  strength  correlation  devel- 
oped at  Thermalito  Afterbay  to  the  correlations  devel- 
oped from  field  liquefaction,  a  correction  was  applied  to 
the  data.  Since  almost  all  field  data  come  from  level 
ground  and  depths  of  30  feet  or  less,  only  one  triaxial 
consolidation  {a'3c=  1.0ksc,Kc=  1.0)  was  appropriate 
for  use  in  the  comparisons.  A  Cr  correction  of  0.57  was 
applied  to  the  triaxial  strength  obtained  from  Figure  122 
to  correct  to  level  ground  conditions.  As  described  in  Sec- 
tion 3,  the  SPT  blowcounts  have  already  been  corrected 
for  procedural  differences. 

The  cyclic  triaxial  strength  correlation  with  SPT  blow- 
count  developed  for  Thermalito  Afterbay  is  shown  in  Fig- 
ure 131.  Each  data  point  represents  the  corrected 
strength  at  15  cycles.  This  strength  is  plotted  against  the 
corrected  blowcount  that  represents  the  layer  where  the 
sand  samples  were  obtained.  The  Thermalito  Afterbay 
data  points  show  the  average  Dso  of  the  samples  tested  in 
the  laboratory.  Also  shown  are  the  lower  bound  curves 
from  the  Seed  and  Idriss  (1982)  study.  A  lower  bound 
curve  represents  the  boundary  between  "liquefaction" 
and  "no  liquefaction"  observations  of  sites  which  have 
withstocxl  strong  earthquake  shaking.  The  lower  bound 
curves  are  considered  a  field  measurement  of  cyclic 
strength. 

In  general.  Figure  131  shows  reasonable  agreement  be- 
tween Thermalito  Afterbay  data  and  the  field  SPT  corre- 
lations. The  coarser  Thermalito  Afterbay  data  points  at 


Na\  equal  to  7  and  12  have  somewhat  higher  strengths 
than  predicted  by  the  lower  bound  curves  for  the  same 
gradation  ranges  in  the  field  studies.  Although  this  might 
be  a  result  of  sample  densification,  it  must  be  noted  that 
the  Thermalito  data  are  quite  close  to  the  borderline  of 
the  different  gradation  ranges.  In  addition,  the  lower 
bound  curves  represent  conservative  interpretations  of 
the  data  because  the  correlations  show  some  non-lique- 
fied sites  lying  above  the  lower  bound  curves  (zone  of 
predicted  "liquefaction"). 

Sample  Disturbance 

"Undisturbed"  tube  samples  were  obtained  of  the  silty 
sands  in  1981-82  using  a  hydraulic  piston  sampler.  Ex- 
cept for  freeze  sampling,  which  was  considered  impracti- 
cal for  sands  having  high  silt  content,  this  method  is  con- 
sidered to  cause  the  least  disturbance  in  sampling  sands 
within  boreholes.  Great  care  was  used  in  the  sampling, 
transportation,  and  specimen  preparation  process.  Nev- 
ertheless, there  was  probably  some  densification  of  the 
low  blowcount  sand  during  sampling  and  sample  han- 
dling. This  effect  would  increase  the  strength  determined 
by  the  triaxial  test.  There  was  probably  also  some  lcx)sen- 
ing  of  the  high  blowcount  sands  during  sampling  and  sam- 
ple handling.  Sample  loosening  would  cause  a  decrease 
in  the  strength  determined  by  the  cyclic  triaxial  test.  This 
disturbance  effect  might  explain  why  there  are  some  dis- 
crepancies in  Figure  131.  At  low  blowcounts,  the  after- 
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Figure  132.  Determination  of  Liquefaction  Potential 
from  Seed  and  Idriss  (1982)  SPT  Correlation 


bay  triaxial  test  results  give  somewhat  higher  strengths 
than  predicted  by  the  Seed  and  Idriss  (1982)  SPT  correla- 
tion. At  high  blowcounts,  the  triaxial  test  results  give 
much  lower  strengths  than  the  SPT  correlation. 

There  is  also  another  disturbance  effect.  Sampling  and 
sample  handling  tends  to  reduce  the  interparticle  stability 
induced  by  long-term  loading  and/or  seismic  strain.  This 
effect  always  results  in  a  reduction  of  strength.  For  loose 
sands,  this  reduction  of  interparticle  stability  would  have 
a  counter-balancing  effect  against  sample  densification. 
For  dense  sands,  reduction  of  interparticle  stability  would 
magnify  the  loosening  effect  during  sampling. 

According  to  studies  by  Singh,  et  al.  (1979),  sampling  of 
natural  sand  deposits  having  relative  densities  of  about 
60  percent  would  result  in  a  net  decrease  in  strength  by 
about  15  percent.  In  other  words,  the  reduction  of  inter- 
particle stability  would  outweigh  the  strength  increase 
due  to  densification.  The  inter  particle  stability  could  be  a 
significant  strength  component  for  the  afterbay  sands 
since  the  estimated  age  of  the  deposits  ranges  up  to  3.5 
million  years.  It  is  also  possible  that  densification  in  the 
low  blowcount  afterbay  sands  may  be  reduced  due  to  the 
high  silt  content  (10  -  40  percent). 


Thus,  the  cyclic  triaxial  test  strengths  for  the  low  blow- 
count  sands  may  not  be  too  high  after  all.  However,  since 
all  of  the  disturbance  effects  for  high  density  sands  result 
in  a  decrease  in  strength,  the  triaxial  test  results  for  cor- 
rected blowcounts  over  25  are  concluded  to  be  too  low. 

Residual  Pore  Pressure 

Residual  pore  pressures  were  examined  in  an  effort  to 
evaluate  the  strength  of  foundation  sands  that  did  not 
completely  liquefy.  Pore  pressure  development  was  esti- 
mated using  the  residual  pore  pressures  at  the  end  of  each 
cycle  of  the  triaxial  test.  The  pore  pressures  developed 
initially  during  the  tests  were  relatively  high  when  com- 
pared to  shake  table  results  on  clean  sands.  This  may 
have  been  due  to  the  test  or  the  difference  in  gradations. 
This  rapid  rise  in  pore  pressure  made  it  difficult  to  ex- 
trapolate pore  pressure  ratios  of  40  percent  and  60  per- 
cent to  15  cycles  since  these  ratios  usually  developed  in 
less  than  five  cycles.  Therefore,  extrapolations  were 
made  conservative.  These  extrapolations  remain  very 
conservative  when  compared  to  the  standard  pore  pres- 
sure development  curves  recommended  by  Seed  and 
Idriss  (1982). 

Determination  of  Cyclic  Strength 

Figure  132  displays  the  determination  of  cyclic  strength 
for  the  three  modeled  sites  from  the  Seed  and  Idriss 
(1982)  correlation.  Table  24  coftipares  the  cyclic  strengths 
for  the  three  modeled  sites  determined  by  both  the  cyclic 
triaxial  test  results  and  the  Seed  and  Idriss  (1982)  SPT 
correlation.  Cyclic  strengths  determined  by  the  labora- 
tory test  approach  for  the  three  sites  were  obtained  by 
interpolating  the  data  points  in  Figure  131. 

Although  there  is  some  justification  for  using  the  labora- 
tory strengths,  it  was  decided  to  conservatively  adopt  the 
lower  of  the  two  strengths  for  each  site.  Actually,  the 
amount  of  conservatism  is  minor.  Table  24  also  presents 
the  adopted  strength  values.  For  Station  107,  the  two 
approaches  predict  the  same  strength.  For  Station  165, 
the  strength  determined  by  the  SPT  correlation  is  only 
about  6  percent  less  than  the  cyclic  triaxial  strength  for 
the  downstream  zone.  Only  at  Station  347  does  the  SPT 
correlation  predict  higher  strength;  and  this  difference  is 
only  about  19  percent. 


Table  24.  Determination  of  Cyclic  Strength 


Site 


(blows/feet) 


^50 

(mm) 


SPT 

(r/a'o) 


C3X 

(r/c7'o) 


Adopted 
(r/a'o) 


20 


0.31 


0.21 


0.21 


0.21 


20 

0.30 

0.21 

0.21 

0.21 

10 

0.20 

0.15 

0.16 

0.15 

21 

0.13 

0.31 

>0.26 

0.26 

Station  107 
Station  165 

Middle  Zone 

D/S  Zone 
Station  347 
Notes: 
SPT  (r/a'o)  denotes  cyclic  stress  ratio  predicted  by  Seed  and  Idriss  (1982)  SPT  correlation  (See  Figure  132). 

C3X  (r/a'o)  denotes  cyclic  stress  ratio  predicted  by  cyclic  triaxial  tests  a'^c  =  10  ksc,  ^c  =  1.0), 
Cr    =  0.57— see  Figure  131. 


9.  EVALUATION  OF  LIQUEFACTION  POTENTLVL 


Method  of  Analysis 

Liquefaction  potential  is  usually  determined  by  compar- 
ing predicted  stresses  with  cyclic  strengths.  In  the  Seed- 
Lee-Idriss  method,  strengths  and  stresses  are  compared 
by  assuming  that  the  horizontal  plane  in  the  field  and  the 
45  +  <J>'  /2  degree  plane  (45  degrees  for  isotropically  con- 
solidated tests)  in  the  triaxial  sample  are  critical.  To  be 
equivalent,  both  planes  must  have  the  same  effective  nor- 
mal and  shear  stresses  before  dynamic  loading.  A  safety 
factor  against  liquefaction  is  defined  as: 


Uniform  cyclic  shear  stress  on 
45  +  4>'/2  degree  plane  required 
Safety  to  cause  liquefaction  or  a  specified 

Factor     =  amount  of  strain  in  N  cycles 

N  equivalent  uniform  cycles 
of  shear  stress  induced  by  the 
earthquake  on  the  horizontal  plane 


Studies  by  Vaid  and  Finn  (1979)  indicate  that  if  the  cyclic 
loading  resistance  were  measured  in  terms  of  the  com- 
bined shear  stress  (static  -I-  cyclic),  more  consistent  labo- 
ratory results  would  be  produced  (an  increase  in  resis- 
tance with  increase  in  static  stress  was  always  noted  irre- 
spective of  relative  density  or  shear  strain  level  of  inter- 
est). Other  researchers— Casagrande  (1975)  and  Castro 
(1976)— suggest  that  liquefaction  potential  be  deter- 
mined by  critical-state  soil  mechanics. 

Using  the  different  prcKedures  will  no  doubt  give  differ- 
ent answers  for  some  projects.  However,  all  have  limita- 
tions and  the  only  one  that  has  been  calibrated  against 
known  embankment  behavior  during  earthquake  shaking 
is  the  Seed-Lee-Idriss  method.  This  is  the  methcxl  that 
was  chosen  for  analyzing  the  afterbay  dam.  That  it  seems 
to  work  is  no  doubt  due  to  compensating  errors.  This  also 
points  to  the  danger  of  improving  the  accuracy  of  a  single 
component  in  that  it  may  eliminate  a  compensating  effect 
and  lead  to  an  erroneous  end  result. 


However,  other  methods  have  been  proposed.  A  method 
suggested  by  Leps  (1973)  proposes  predicting  liquefac- 
tion potential  by  assuming  that  the  major  principal  con- 
solidation stress  is  the  critical  condition  that  must  be 
matched  between  the  field  and  the  laboratory  specimen. 
A  method  suggested  by  Bennett  (1977)  proposes  to  use 
the  mean  normal  consolidation  stress  as  the  critical  condi- 
tion. 


Cyclic  Shear  Strength 


Table  24  (in  Section  8)  shows  the  selection  of  cyclic  shear 
strength  as  the  lower  value  from  either  the  laboratory  tri- 
axial tests  or  the  SPT  correlation.  However,  the  strengths 
presented  in  Table  24  are  only  applicable  for  shallow, 
level  ground  conditions.   To  describe  the  strengths  for 
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Figure  J 33.  Procedure  for  Interpreting  Cydic  Triaxial  Test  Data 
for  Isotropically  Consolidated  (Kc=  10)  Samples 
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Figure  134.  Procedure  for  Interpreting  Cyclic  Triaxial  Test  Data  for 
AnisotropicaUy  Consolidated (Kc  >  1 .0)  Samples 

Other  consolidation  conditions,  additional  information  i 
needed. 


The  cyclic  triaxial  test  results  in  Section  8  describe  the 
strengths  for  a  range  of  consolidation  conditions.  Cyclic 
strength  curves  are  developed  from  cyclic  triaxial  data  by 
the  Seed  Lee-Idriss  method  illustrated  in  Figures  133  and 
134.  Shown  in  Figures  135  and  136  are  cyclic  strength 
curves  developed  from  laboratory  results  for  Nai   equal 


Figure  135.  Cydic  Strength  Curves  for  Thermalito  Afleihay 
Foundation  Silty  Sands  (^Nai  f=>  7  blows /fool) 


Figure  136.  Cyclic  Strength  Curves  for  Thermalito  Afteiiwf 
Foundation  Silty  Sands 
{Nm  f^  20  blows/ foot) 


to  7  and  A'^^i  equal  to  20.  Failure  was  defined  as  10  per- 
cent axial  strain  occurring  in  15  cycles.  Also  shown  are 
curves  for  residual  pore  pressure  ratios  of  40, 60,  and  80 
percent. 

All  of  the  isotropically  consolidated  (ATc  =  1.0),  a  =  0.0) 
triaxial  test  results  were  reduced  by  multiplying  by  a 
Cr  correction  equal  to  0.57. 
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Table  25;  Application  of  Cyclic  Triaxial  Strength  Curves 


Cyclic  Strength* 

Stress  Ratio 

Correction 

Stress  Ratio 

Cyclic  Strength 

of  Curves 

Factor  Applied  to 

Site 

Adopted 

Curves  Applied 

Applied 

Strength  Curves 

Station  107 

0.21 

Figure  136 
(^Ai  =  20) 

0.21 

(0.21/0.21)=1.00 

Station  165 

Middle  Zo 

ne              0.21 

Figure  136 
(Na,  =  20) 

0.21 

(0.21/0.21)  =  1.00 

Downstream 

Zone 

0.15 

Figure  135 
(Nm  =  7) 

0.14 

(0.15/0.14)^1.07 

Station  347 

0.26 

Figure  136 
(^.11  =  20) 

0.21 

and  an  alpha  value  of  zero. 

(0.26/).21)=1.24 

^e  oveAurden  pressure  of  1  ksc 

•The  stress  ratic 

listed  is  applicable  to  an  effectii 

The  curves  in  Figure  136  are  directly  applicable  to  Station 
107  and  to  the  middle  zone  at  Station  165.  This  is  because 
both  the  SPT  correlation  and  the  laboratory  results  pre- 
dict the  same  strength  (Table  23).  However,  the  down- 
stream zone  at  Station  165  and  the  sand  at  Station  347 
cannot  directly  use  the  curves  in  Figures  135  and  136. 
Corrections  to  the  curves  are  required. 

Correct  strengths  for  use  in  the  analyses  are  obtained  by 
multiplying  the  strength  curves  in  Figures  135  and  136  by 
factors  to  yield  the  strengths  adopted  in  Table  24.  For  ex- 
ample, the  stress  ratio  adopted  in  Table  24  for  Station 
347  was  chosen  to  be  0.26  (a„'  =  iksc,  a  =  0).  The  stress 
ratio  for  10  percent  axial  strain  obtained  from  Figure  136 
equals  0.21  (ct„'  =  nsc,a=  0).  To  use  the  strength 
curves  in  Figure  136  for  the  suspect  sand  at  Station  347,  a 
correction  factor  equal  to  1.24  (0.26/0.21)  is  applied.  Ta- 
ble 25  presents  the  strength  curves  used  to  analyze  the 
three  modeled  sites  and  the  correction  factors  used  in  ap- 
plying the  strength  curves. 

Figure  137  compares  the  strengths  used  at  different 
times  for  Station  107  (Site  1).  During  the  investigation 
for  the  1980  analysis  of  Station  107  (Site  1),  only  80  per- 
cent of  the  cyclic  triaxial  strength  values  obtained  from 
the  1978  exploration  program  were  used.  In  1980,  it  was 


not  realized  that  the  SPT  procedures  used  in  the  investi- 
gation produced  blowcounts  which  were  too  low  to  be 
used  with  published  SPT  correlations.  At  that  time,  it  was 
believed  that  the  appropriate  blowcount  for  the  suspect 
sand  at  this  site  was  equal  to  10.  Since  there  was  such  a 
large  difference  (in  1980)  between  the  laboratory 
strengths  and  the  SPT  correlation,  the  reduced  laboratory 
strength  value  was  used  in  that  analysis.  After  the 
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Figure  137 .  Comparison  of  CycUc  Strengths  (a   =  0)   Used 
During  Different  Periods  of  the  Investigation 
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1981-82  investigation  program,  however,  it  was  shown 
that  the  appropriate  blowcount  was  equal  to  20  and  that 
laboratory  strengths  for  this  site  were  correct  all  along 
(Section  3  and  Section  8). 

Liquefaction  and  Excess  Pore  Pressures 

Figures  138  through  143  show  the  predicted  safety  factors 
for  10  percent  axial  strain,  and  the  induced  residual  pore 
pressures,  in  the  low  blowcount  sand  layers  at  the  three 
critical  sites  for  the  postulated  earthquake  shaking.  For 
elements  with  safety  factors  greater  thanl.O,  induced  re- 
sidual pore  pressures  were  estimated  from  the  pore  pres- 
sure curves.  The  upstream  zone  of  the  suspect  sand  layer 


at  Station  165  had  such  high  blowcounts  {Nai  -  40)  that 
it  was  assumed  that  no  liquefaction  could  develop  there. 
Therefore,  Figures  140  and  141  present  assumed  values 
for  liquefaction  safety  factors  (  >  2.0)  and  residual  pore 
pressure  ratios  (<  0.2)  for  this  zone  of  high  penetration 
resistance. 

In  general,  liquefaction  develops  in  the  foundation  sand 
layers  beneath  the  embankment  crest  and  beyond  the  em- 
bankment toes.  Beneath  the  slopes  of  the  embankment, 
all  locations  show  some  buildup  of  excess  pore  pressures, 
but  not  complete  liquefaction.  The  extent  of  liquefaction 
is  not  significantly  influenced  by  the  reservoir  elevation. 
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Figure  138.  Results  of  Dynamic  Analysis  with  Ml  =  6.5  Earthquake 

for  Sand  Layer  at  Station  107  (Site  1) 

(Reservoir  Elevation  =  128  feet) 
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Figure  139.  Results  of  Dynamic  Analysis  with  Ml  =  6.5  Earthquake  for  Sand  Layer  at  Station  107  (Site  1) 
(Reservoir  Elevation  1 36. S  feet) 


3)  Foclor  of   safety    ogoinst  liquefaction  (ATp  10%  strain  in   15  cycles)/(T„,,  induced   by  eartliquoke  shaking  for  15  cycles) 
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b)  Residual   pore    pressure  rotios,    ^Rup,    induced  by  earthquake  shaking  for  15  cyd 
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Figure  140.  Results  of  Dynamic  Analysis  with  Ml  =  6.5  Earthquake  for  Sand  Layer  at  Station  165  (Worksite  2) 
(Reservoir  Elevation  128  feet) 
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Fiffire  141.  Results  of  Dynamic  Analysis  with  Ml  =  6.5  Earthquake  for  Sand  Layer  at  Station  165  (Worksite  2) 
(Reservoir  Elevation  136.5  feet) 
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a)  Factor  of  safety    ogoinst  liquefaction  (ATTp  10%  stroin  in  15  cycles  )/(T||^^    induced   by  earthquake  shaking   for   15  cycles) 
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b)  Residual    pore    pressure   rotios,  ARur,  induced   by  eorthquake  shaking  for  15  cycles 
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Figure  142.  Results  of  Dynamic  Analysis  with  Ml  =  6.5  Earthquake  for  Sand  Layer  at  Station  347  (Columbia  Soil  Area) 
(Reservoir  Elevation  128  feet) 
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b)  Residual   pore    pressure  ratios,  ARur,   induced  by  earthquake  shaking   for  15  cycles 
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Figure  143.  Results  of  Dynamic  Analysis  with  A^Z,  =  6.5  Earthquake  for  Sand  Layer  at  Station  347  (Columbia  Soil  Area) 
(Reservoir  Elevation  136.5  feet) 


10.  POST  EARTHQUAKE  SLOPE  STABILITY  ANALYSES 


General 


3.    Three  reservoir  elevations  - 124,128,  and  136.5  feet. 


The  development  of  large  zones  of  liquefaction  in  por- 
tions of  an  embankment  or  embankment  foundation  does 
not  necessarily  lead  to  a  failure  of  the  dam.  For  example, 
according  to  Seed,  et  al.  (1973),  Upper  San  Fernando 
Dam  developed  almost  complete  liquefaction  throughout 
the  central  portion  of  the  embankment  during  the  1971 
San  Fernando  earthquake  {Ml  =  6.6),  but  total  move- 
ments of  only  about  6  feet  or  less  resulted. 

To  examine  the  post-seismic  slope  stability  of  the  em- 
bankment for  different  locations  around  the  afterbay, 
several  different  types  of  analyses  were  performed. 

1.  Sliding  horizontal  wedge  analyses  were  performed, 
assuming  complete  liquefaction  of  a  horizontal  foun- 
dation sand  layer. 

2.  Additional  sliding  horizontal  wedge  analyses  were 
performed  considering  the  shear  resistance  on  the 
ends,  in  an  effort  to  determine  the  minimum  length 
of  liquefied  dam  foundation  which  would  cause  a  fail- 


3.  Circular  sliding  and  wedge  analyses  were  performed 
for  the  three  model  sections  analyzed,  using  residual 
pore  pressures  remaining  immediately  after  the  pos- 
tulated earthquake. 

4.  Wedge  analyses  were  carried  out  for  average 
redistributions  of  the  excess  pore  water  pressure  gen- 
erated by  the  earthquake. 

Sliding  Wedge  Analyses  for  Complete 
Liquefaction  of  Foundation  Sand  Layer 

Wedge  analyses  were  carried  out  for  horizontal  sliding  of 
the  embankment  on  a  completely  liquefied  foundation 
(Figure  144).  Active  and  passive  forces  were  calculated 
by  the  Rankine  Theory.  Calculations  considered  the  fol- 
lowing variables: 

1.    Two  embankment  heights  -  26  and  39  feet. 


2.     Four  thicknesses  of  surface  silt/clay  5,  10, 15,  and  20 
feet. 


4.    Three  downstream  depths  to  groundwater  -  0,  5,  and 
10  feet. 

The  calculated  safety  factors  for  this  set  of  analyses  are 
also  shown  in  Figure  144.  Calculations  indicate  that  for 
either  height  of  dam,  a  horizontal  sliding  failure  similar  to 
the  Sheffield  Dam  failure  would  probably  result  for  most 
locations  along  the  afterbay  if  a  sand  layer  completely 
liquefied  beneath  the  embankment.  For  this  mode  of  fail- 
ure, a  surface  silt/clay  cap  of  between  15  to  30  feet  thick- 
ness over  the  liquefied  layer  would  be  required  to  pre- 
vent sliding. 

Sliding  Wedge  Analyses  for  Complete  Liquefac- 
tion of  Foundation  Sand  Layer— Shear  Resis- 
tance Included  on  the  Ends  of  the  Sliding  Block 

An  important  factor  to  consider  in  stability  analyses  is  the 
length  of  a  liquefied  layer  along  the  dam  axis.  If  the  zones 
of  liquefaction  extended  only  a  few  tens  of  feet  along  the 
dam  axis,  the  dam  would  probably  not  fail  because  the 
end  resistances  would  be  sufficient  to  prevent  sliding. 

Slope  stability  analyses  are  usually  conducted  on  the  as- 
sumptions that  the  modeled  section  represents  condi- 
tions over  a  very  long  length  of  dam  and  that  shear  resis- 
tances on  the  ends  of  a  sliding  mass  can  be  ignored.  To 
examine  the  importance  of  the  end  resistances,  the  sim- 
ple horizontal  slidmg  analyses  were  redone  assuming 
shear  resistances  on  the  ends.  The  assumed  forces  are  il- 
lustrated in  Figure  145. 

Calculation  results  are  shown  in  Figure  146  in  terms  of 
the  minimum  longitudinal  length  of  liquefied  foundation 
required  to  cause  a  slide  (factor  of  safety  =  1.0)  under 
full  reservoir  conditions.  The  downstream  ground  water 
elevation  was  assumed  to  be  at  the  ground  surface.  The 
minimum  length  of  foundation  liquefaction  which  would 
cause  a  failure  for  any  location  along  the  afterbay  was  cal- 
culated to  be  about  380  feet. 

As  an  aid  in  interpreting  the  results  of  this  analysis,  the 
calculation  method  was  applied  to  the  failure  of  Sheffield 
Dam.  This  failure  was  believed  to  be  due  to  downstream 
horizontal  sliding  on  an  almost  completely  liquefied  sand 


135 
130 
125 

0 

P 

t,35 

Z 

g 

^130 
UJ 

-J 
llJ 

S,20 
UJ 

a: 
135 
130 
125 
120 

— 

CREST    ELEV.    142" 

^"■"-■v,..,^                 I 

* 

.,/ 

^^^^ 

/ 

—VI     1        SILT/CLAY  LAYER           ♦     »    37<> 

°l            IN/-ts,"2 

■r^r-r-r-r-7 

LIQUEFIED    SAND 

DAM    HEIGHT  =  26  FEET 
GWT  =  O' 

III-                        i 

LAYER                                                                                 1 

DAM    HEIGHT  =  39  FEET 
GWT  ^  0' 

-    \         \       \     \^ 
\        \     \   V 

-    \      \    -\^ 

1                      1--^ 

135 
130 
125 

-  \           \         \ 

-  \           \         \ 

D                          0.5                         1.0                         1 
GWT  =  5* 

5 

0                           0.5                            1.0                           1 
GWT  =  5' 

5 

1                              1 

135 
130 
125 

-          \             \          \ 

\             \         =\^ 

-     \    \ 

1              \    1 

0                          0.5                          1.0                         1 

GWT  =  10' 

D                          0.5                          1.0                         1.5 

GWT  =    10' 

1                       r 

135 
130 
125 

\ 

0                          0.5                          1.0                         1 
FACTOR 

5      '^° 
OF    S 

D                          0.5                          1.0                        I 
ftFETY 

5 

Figure  144.  Static  Stability  with  Liquefied  Sand  Layer  Horizontal  Sliding 
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Figure  145.  Assumed  Forces  of  Dam  Failure  Section  Including  Shear  Resistance  on  the  ends  of  the  SliSng  Block 
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Figure  146.  Minimum  Length  of  Section  that  will  Fail  by  Horizontal  Sliding  when  Including  Shear  Resistance  on  Ends  of  Section 


layer  at  the  base  of  the  25-foot-high  dam.  Depth  of  water 
in  the  reservoir  was  about  15  to  18  feet.  Total  length  of 
dam  was  700  feet,  of  which  a  300-foot  section  was  in- 
volved in  the  sliding.  This  proves  that  a  section  as  short  as 
300  feet  can  slide,  but  does  not  prove  that  a  shorter  sec- 
tion would  not  slide.  Calculations  showed  that  a  mini- 
mum length  of  140  feet  of  liquefied  foundation  would 
cause  failure  (Figure  146).  The  strength  used  for  the  em- 
bankment material  was  a  <}>  equal  to  33  degrees  and  a  co- 
hesion intercept  of  zero  (Sheffield  embankment  material 
had  a  drained  strength  of  <^'  =  34.5°  ,  c'  =  0). 

The  calculations  agreed  with  observed  behavior  in  that  a 
failure  of  over  140  feet  resulted.  However,  the  accuracy 
of  the  numbers  from  these  calculations  is  open  to  ques- 
tion. It  must  be  noted  that  horizontal  sliding  may  not  nec- 
essarily be  the  most  critical  mode  of  failure  and  that  the 
calculations  represent  only  rough  estimates  of  real  behav- 
ior. Therefore,  in  this  evaluation,  the  minimum  length  of 
liquefaction  which  would  cause  a  failure  was  assumed  to 
be  250  feet  rather  than  the  calculated  380  feet. 


Horizontal  Sliding  Analysis  for  Station  12 

A  boring  at  Station  12  -I-  50  (81 A-1-  SPT)  revealed  a  cor- 
rected blowcount  of  21  in  silty  sand  (£>5o  =  .35  mm,  minus 
#200  sieve  size  =  20  percent).  The  embankment  is  only  12 
feet  high  at  this  location.  Rather  than  cany  out  additional 


analyses  or  detailed  explorations,  a  horizontal  sliding  sta- 
bility analysis  was  conducted  on  the  assumption  that  the 
entire  layer  had  liquefied.  This  was  a  very  conservative 
assumption  in  light  of  subsequent  analyses  for  other  sites, 
which  indicated  only  partial  liquefaction  in  foundation 
layers. 

The  analyses  is  displayed  in  Figure  147  for  full  reservoir 
and  a  downstream  ground  water  elevation  at  the  ground 
surface.  The  calculated  safety  factor  is  1.23  for  the  as- 
sumption of  complete  foundation  liquefaction,  but  would 
be  much  higher  for  partial  foundation  liquefaction. 


Stability  Analyses  of  tiie  Three  Model  Sections 

for  Pore  Pressures  Generated  Immediately  After 

Eartliquake  Shaking 


Circular  sliding  and  wedge  analyses  were  performed  for 
Stations  107, 165,  and  347  for  the  residual  pore  pressures 
remaining  immediately  after  the  earthquake.  These 
analyses  used  assumed  values  for  residual  pore  pres- 
sures. These  assumed  values  were  obtained  during  an 
earlier  stage  of  the  investigation  and  are  slightly  higher 
than  those  in  pore  pressures  presented  in  Figures  138 
through  143.  Use  of  these  pore  pressures  add  a  degree  of 
conservatism  to  the  slope  stability  analyses.  The  analyses 
were  conducted  for  reservoir  Elevations  128  and  136.5 
feet  and  for  both  upstream  and  downstream  directions. 
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Figure  147.  Horizontal  Sliding  Analysis  for  Station  12  (Reservoir 
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Table  26:  Minimum  Safety  Factors  for  Pore  Pressure  Conditions 
Immediately  After  Earthquake  Shaking 


Location 

Reservoir 
Elevation  (ft) 

Direction 

F.S. 
Wedge  Sliding 

F.S. 
Circular  Sliding 

Upstream 

2.2 

2.3 

128 

Downstream 

- 

23 

Station  107 

Upstream 

1.8 

136 

Downstream 

1.8 

2.1 

Upstream 

2.9 

2.7 

128 

Downstream 

- 

2.1 

Station  165 

Upstream 

- 

2.8 

136.5 

Downstream 

1.4 

1.8 

Upstream 

3.1 

3.3 

128 

Downstream 

- 

3.4 

Station  347 

Upstream 

- 

3.0 

136.5 

Downstream 

3.0 

3.6 

The  actual  strength  within  the  nonliquefied  zones  in  the 
sand  immediately  after  the  earthquake  would  be  quite 
high  since  the  conditions  would  correspond  to  undrained 
loading.  After  a  short  time  had  passed,  water  would  be 
able  to  flow  and  the  strength  of  the  sand  would  corre- 
spond to  a  drained  loading  condition.  Therefore,  for 
these  analyses,  the  drained  strengths  of  the  sands  were 
used  together  with  generated  pore  water  pressures  to 
represent  the  strength  of  the  sand.  However,  because  of 
the  low  permeability  of  the  materials  and  the  rapid  nature 
of  the  loadings,  the  undrained  strengths  were  used  for  the 
embankment  clay  and  the  surface  silt/clay  cap.  Strength 
values  used  were  based  on  tests  of  undisturbed  samples 
(Section  8)  and  shown  in  Figures  148  through  150.  For 
the  slope  stability  analyses  of  the  Station  165  model,  the 
strength  corresponding  to  a  corrected  blowcount  of  seven 
was  conservatively  used  for  the  entire  sand  layer. 


Wedge  analyses  were  carried  out  using  computer  pro- 
gram STABL,  which  uses  Carter's  adaptation  of  the 
modified  Bishop  Method.  Two  separate  phreatic  surfaces 
were  input.  One  was  for  the  steady  state  seepage  condi- 
tion to  define  pore  pressures  in  the  clay  embankment  and 
silt/clay  cap.  The  other  surface  represented  the  pore 
pressure  in  the  sand  layer  immediately  after  the  earth- 
quake. 


Circular  sliding  analyses  were  carried  out  with  computer 
program  BISHOP,  which  uses  the  modified  Bishop 
Method.  The  only  basic  change  in  the  input  between  the 
two  programs  was  that  program  BISHOP  does  not  accept 
a  second  phreatic  surface.  Therefore,  lowered  friction 
angles  for  different  zones  in  the  sand  layer  were  used 
(e.g.,  if  the  residual  pore  pressure  ratio  was  80  percent, 
then  the  tangent  of  the  friction  angle  was  made  to  be  only 
20  percent  of  the  actual  tangent  value). 

The  safety  factor  results  of  these  analyses  are  shown  in 
Table  26.  In  general,  the  wedge  and  circular  sliding  analy- 
ses gave  similar  minimum  safety  factors  with  the  wedge 
analyses  giving  slightly  lower  numbers  in  some  cases.  The 
lowest  safety  factor  was  1.4  for  downstream  sliding  under 
full  reservoir  at  Station  165. 

Stability  Analyses  of  the  Three  Model  Sections 

for  Redistributed  Pore  Pressures  After 

Earthquake  Shaking 

Pore  water  pressure  dissipation  and  redistribution  after 
earthquake  shaking  is  a  very  complex  process.  Many  com- 
plex developments  are  being  produced  simultaneously. 
These  include  shearing  and  the  compression  or  dilation  of 
the  sand,  flow  of  water  from  high  pressures  to  low  pres- 
sures, and  effects  of  variable  permeabilities  on  the  flow 
patterns. 
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Pw=PORE    PRESSURE    BEFORE    EARTHQUAKE       

(V,+  a,'=  TOTAL    VERTICAL    PRESSURE    BEFORE     EARTHQUAKE  - 
AU+P.  :  PORE     PRESSURE    IMMEDIATELY    AFTER    EARTHQUAKE 


Uj^TT  =  REDISTRIBUTED    PORE 


CRITICAL    FAILURE    SURFACE   RELATING  TO  EACH  OF  THE   ANALYZED    CONDITIONS 


Figure  148.  Post  Earthquake  Stability  Analyses  (Downstream)  for  Model  1— Station  107  (Site  1)— Reservoir  Elevation  =  136.5  feet 


• 

,J'^' 

AU-I-P. 

"^ 

y. 

£. 

bcf) 

* 

100 

I 

126 

126 

1024 

26» 

n 

120 

120 

0 

37- 

80 

m 

115 

115 

0 

37» 

nt 

130 

135 

0 

40» 

60 

Pw 

Uj.TT 

^~^N.^_.-^^^ 

40 

^^^ 

sse^^ 

^bOv^- 

20 

—  -Cr-^i:-^^ 

Q 

" 

^ 

' 

P,--P0RE    PRESSURE    BEFORE    EARTHQUAKE 

f\,+ Oy' =  TOTAL    VERTICAL    PRESSURE     BEFORE     EARTHQUAKE  - 
aU  +  P,  =  PORE      PRESSURE    IMMEDIATELY    AFTER    EARTHQUAKE 


SCALE  in  FEET 


7^^^^ 


CRITICAL    FAILURE    SURFACE   RELATING  TO  EACH  OF  THE  ANALYZED   CONDITIONS 


Figure  149.  Post  Earthquake  Stability  Analyses  (Downstream)  for  Model  2—  Station  165  (Worksite  2)- 
Reservoir  Elevation  =136.5  feet 
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Figure  ISO.  Post  Earthquake  Stability  Analyses  (Downstream)  for  Model  3— Station  347  (OAumbia  Soil  Area)- 
Reservoir  Elevation  =  136.5  feet 


For  Thermalito  Afterbay,  the  dissipation  and  redistribu- 
tion of  pore  pressures  for  the  three  stations  modeled  was 
carried  out  by  assuming  the  following: 


1.  No  change  in  pore  pressure  due  to  post  seismic 
shearing  (probably  conservative,  since,  according  to 
Seed  [1979],  Lower  San  Fernando  Dam  sands  were 
thought  to  have  developed  negative  pore  pressures). 

2.  No  dissipation  of  pore  pressures  to  other  soil  layers 
(probably  conservative  at  Stations  107  and  347  since 
the  weak  sands  lie  above  dense  gravel  layers,  which 
would  probably  dissipate  some  of  the  excess  pres- 
sure). 


As  noted  in  the  preceding  section,  the  pore  pressures 
used  for  conditions  immediat^y  after  earthquake  shaking 
were  slightly  higher  than  those  actually  calculated  in  Sec- 
tion 9.  Therefore  these  analyses  are  somewhat  conserva- 
tive. 

The  minimum  safety  factors  calculated  for  the  redistribu- 
tions are  shown  in  Table  27.  The  critical  failure  surfaces 
for  the  three  models  are  illustrated  in  Figures  148 
through  150  for  both  average  redistributions  of  pore  pres- 
sure and  for  the  pore  pressures  immediately  after  the 
earthquake. 


Pore  pressures  were  assumed  to  redistribute  to  an  av- 
erage value  that  was  constant  for  the  entire  sand  lay- 
er. The  pore  pressures  were  averaged  over  twice  the 
toe-to-toe  horizontal  distance  for  the  embankment 
with  the  averaging  zone  centered  on  the  centerline  of 
the  embankment. 


The  absolute  minimum  safety  factor  for  the  models  and 
conditions  analyzed  was  1.3.  This  was  calculated  for  the 
redistribution  averaged  over  twice  the  toe-to-toe  dis- 
tance at  Station  107.  Averaging  pore  pressures  is  consid- 
ered to  give  a  conservative  representation  of  post-earth- 
quake stability. 


Only  wedge  analyses  were  carried  out  for  redistributed 
pore  pressures.  As  before,  the  wedge  analyses  were  con- 
ducted with  program  STABL.  The  redistributed  pore 
pressures  were  input  this  time  as  the  second  phreatic  sur- 
face for  the  sand  layer.  The  material  properties  were  kept 


the  same  as  in  the  preceding  analyses,  except  for  one 
modification  where  the  average  redistributed  pore  pres- 
sures exceeded  the  total  vertical  pressure,  the  friction 
angle  was  made  to  be  zero  to  avoid  negative  shear  resis- 
tances in  that  layer. 


Table  27:  Minimum  Safety  Factors  for  Wedge  Analyses 
With  Pore  Pressure  Distribution 


Location 


Reservoir 
Elevation  ( ft) 


Direction 


F.S.  Pore  Pressure  Averaged 
Twice  Toe-to-Toe 
Distance 


Station  107 


128 


136.5 


Upstream 

Downstream 
Upstream 

Downstream 


Station  165 


128 


136.5 


Upstream 


Downstream 
Upstream 


Downstream 


Station  347 


128 


Upstream 


Downstream 
Upstream 


Downstream 


11.  PREDICTION  OF  EMBANKMENT  PERFORMANCE 


General  Considerations 

The  accuracy  of  the  evaluation  tools  used  in  this  investiga- 
tion and  the  extent  of  our  knowledge  of  earthquake  engi- 
neering are  recognized  as  being  in  the  infant  stages  of  de- 
velopment. This  is  mainly  due  to  the  relative  rarity  of 
earthquake  events  and,  therefore,  chances  to  calibrate 
theories  and  analysis  techniques.  The  relative  lack  of  cor- 
roboration of  major  portions  of  analysis  theories  and 
techniques  has  produced  differences  in  the  theories  avail- 
able to  engineers  for  use  in  evaluating  seismic  stability  of 
embankment  dams.  In  addition,  our  tools  for  character- 
izing soil  (in  situ  testing,  sampling,  and  laboratory  testing) 
are  restricted  by  physical  limitations  and  errors.  In  some 
cases  representative  numbers  are  achieved  only  ty  com- 
pensating errors. 

The  complexity  and  limited  knowledge  of  earthquake  mo- 


tions and  soil  response  has  forced  many  analysis  simplifi- 
cations and  assumptions.  Many  times  when  faced  with 
unknown  parameters  or  limited  information,  conserva- 
tive assumptions  are  made.  Although  this  is  frequently 
appropriate,  making  conservative  simplifications  or  as- 
sumptions for  each  step  of  an  analysis  can  lead  to  an  unre- 
alistic result.  Furthermore,  different  engineers  make  dif- 
ferent simplifications.  It  is  for  these  reasons  that  seismic 
evaluations  are  sometimes  considered  more  of  an  art 
than  a  science. 

It  should  be  noted  that  many  engineers  use  analysis  re- 
sults simply  as  augmentations  of  their  judgments.  In  this 
evaluation,  numbers  such  as  safety  factors  are  used  as 
relative  indicators  instead  of  precise  measurements  of 
safety.  Safety  factors  should  not  be  considered  without 
being  aware  of  the  details  and  choices  involved  in  the 
steps  of  the  analysis. 


Low  Potential  for  Loss  of  Life 

Although  Thermalito  Afterbay  Reservoir  has  a  relatively 
large  capacity  of  57,000  acre-feet,  the  dam  has  a  maxi- 
mum height  of  only  39  feet  and  is  located  in  an  area  of 
scattered  farms.  Inundation  studies  have  shown  that  fail- 
ure of  the  dam  would  cause  widespread  flooding  of  farm- 
land. Three  small  communities— Biggs,  Gridley,  and  Live 
Oak— are  within  the  limits  of  the  inundated  area.  State 
Highway  99  is  also  within  300  feet  of  the  dam.  However, 
because  the  area  is  so  flat,  water  released  from  the  reser- 
voir would  spread  over  a  wide  area  and  the  depths  would 
be  small. 

The  potential  for  damage  and  loss  of  life  is  much  lower 
than  for  Oroville  Dam.  Therefore,  the  Board  suggested, 
and  the  Department  considered,  assigning  a  greater  ac- 
ceptable level  of  risk  than  that  used  for  the  Oroville  Dam 
seismic  re-evaluation.  One  way  this  could  be  done  is  to 
adopt  a  smaller  magnitude  earthquake,  with  a  corre- 
sponding greater  probability  of  occurrence.  The  Depart- 
ment decided  to  ignore  the  lower  risk  and  adopt  the  same 
earthquake  magnitude  (6.5)  used  for  the  Oroville  Dam 
seismic  re-evaluation. 

General  Approach  in  the  Evaluation 

The  embankment  is  composed  of  compacted  clayey  soils 
and,  given  a  stable  foundation,  would  withstand  with  neg- 
ligible damage  the  shaking  associated  with  the  adopted 
earthquake.  This  conclusion  is  based  on  the  performance 
of  clay  dams  during  earthquake  shaking  as  described  by 
Seed,  et  al.  (1977).  The  conclusion  is  also  considered  to 
apply  to  clayey  soils  in  the  foundation,  particularly  the 
weathered  surface  layer  found  in  the  Afterbay  founda- 
tion. This  surface  layer  is  usually  found  to  be  border  line 
silt-clay,  often  containing  cemented  hardpan  sublayers. 

That  extensive  layers  of  sand  exist  in  the  dam  foundation 
was  well  known  from  all  the  investigations  conducted  for 
design,  construction,  and  seepage  control.  The  current 
investigation  was  aimed  at  determining  whether  any  of 
these  sands  are  loose  enough  to  liquefy  during  earth- 
quake shaking,  and  whether  the  liquefaction  would  be  ex- 
tensive enough  to  cause  failure  of  the  dam.  Most  of  the 
effort  has  been  to  study  the  effects  of  liquefaction  on  sta- 
bility, but  other  effects  could  lead  to  unsatisfactory  per- 
formance also,  e.g.,  excessive  settlement  into  the  lique- 
fied sand  or  loss  of  sand  from  the  foundation  by  sand 
boils. 


The  physical  dimensions  of  the  problem  made  the  task 
very  complicated.  In  order  to  judge  if  stability  is  satisfac- 
tory for  the  entire  8-mile  length  of  the  dam,  the  search 
for  loose  sands  in  the  foundation  had  to  be  thorough 
enough  to  give  reasonable  assurance  that  no  critical  con- 
ditions were  missed.  The  required  thoroughness  of  the 
search  is  a  difficult  judgment  in  itself. 

A  large  amount  of  analytical  work  was  carried  out  to  pre- 
dict liquefaction  and  consequent  stability  conditions.  The 
results  are  used  along  with  a  consideration  of  case  histo- 
ries, understanding  of  general  soil  behavior,  and  review  of 
many  other  investigations,  to  predict  the  performance  of 
the  dam.  Admittedly,  the  analytic  results  were  weighted 
heavily  in  these  predictions.  A  greater  reliance  on  past 
experience  would  have  been  preferred;  however,  relating 
to  observed  past  behavior  can  be  misleading  without  care- 
ful analyses  to  account  for  the  different  conditions  be- 
tween the  case  at  hand  and  the  observed  behavior. 

An  additional  point  that  should  be  noted  is  that  the  water 
levels  in  the  foundation  downstream  of  the  dam  are  main- 
tained by  the  operation  of  fifteen  agricultural  pumps, 
some  of  which  are  pumping  continuously.  The  maximum 
pre-earthquake  downstream  piezometric  level  consid- 
ered in  this  evaluation  was  at  the  ground  surface  eleva- 
tion. If  future  changes  in  the  operation  of  the  reservoir 
and/or  pump  system  resulted  in  piezometric  levels  signifi- 
cantly higher  than  the  ground  surface  for  extended  peri- 
ods, the  conclusions  reached  "in  this  bulletin  may  not  ap- 
ply. 

Degree  of  Conservatism  in  Analysis 

The  seismic  stability  analysis  of  Thermalito  Afterbay 
Dam  employed  procedures  consistent  with  the  approach 
most  widely  adopted  in  this  country,  the  Seed-Lee-Idriss 
Method.  This  method  has  been  successfully  calibrated 
against  a  few  dams  that  have  sustained  strong  earthquake 
shaking  (Sheffield,  Lower  San  Fernando,  Upper  San  Fer- 
nando, and  Chabot).  Nevertheless,  for  every  step  in  the 
evaluation,  techniques  and  parameter  choices  had  to  be 
made.  The  choices  adopted  are  believed  to  be  either  rea- 
sonable or  conservative.  Although  in  some  steps  the  se- 
lected choices  represent  average  values  and  not  conser- 
vative values,  sufficient  conservatism  was  put  in  other 
steps  that  the  overall  evaluation  can  be  considered  con- 
servative. Extreme  conservatism  in  every  step  (taking  the 
worst  possible  assumption)  would  lead  to  the  conclusion 
of  potential  failure  for  most  structures  and  would  do  so 
for  the  Afterbay  Dam. 
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Table  28.  Degree  of  Conservatism  in  Components  of  the 

Component  I  Range  of  Values  I " 


Seismic  Stability  Analysis 
Values  Selected 


I   Assessment 


EARTHQUAKE  LOADING 
a)    Critical  Fault 


b)    Maximum  Event 


c)    Peak  Acceleration 


Accelerograms 


-  Prairie  Creek  Lineament 
(12-15  km  away) 

-  Cleveland  Hill  Fault 
(13-18  km  away) 

-  Magnitude  5.7 

-  Magnitude  6.5 

-  Scale  up  1975  Peak  from  Magnitude 
5.7  to  Magnitude  6.5 

-  Mean  Value  from  Published 
Correlations  for  Magnitude  6.5 
Strike-Slip  and  Thrust  Faults 

-  Mean  +  1  Standard  Deviation  Value  from 
Published  Correlations  for  Magnitude  6.5 
Strike-Slip  and  Thrust  Faults 

-  Modified  1975  Oroville  Record 

-  Average  Response  from  3  Magnitude  6.5 
Strike-Slip  and  Thrust  Records 

-  Maximum  Response  from  3  Magnitude 
6.5  Strike-Slip  and  Thrust  Records 


Cleveland  Hill  Fault 
(15  km  away) 
6.5 


NO! 

difference 


Mean  Value  from  Published 
Correlations  for  Magnitude  6.5 
Strike-Slip  and  Thrust  Faults 


Avg  Response  from  3  Magnitude     Average 
6.5  Strike-Slip  and  Thrust  Records 


CYCUC  STRENGTH 

a)  Characterization  of 
In-situ  Sand 

b)  Method  of  Determining 
Cyclic  Strength 

c)  Pore  Pressure  Development 


-  Mean  SPT  Blowcouont 

-  Lowest  SPT  Blowcount 

-  Cyclic  Triaxial  Strength  Curve 

-  Modification  of  Cyclic  Triaxial  Strength 
Curves  to  Match  SPT  Strength  Correlation 

-  Limited  Triaxial  DaU 

-  Published  Simple  Shear  Curves 


3S-Percentile  SPT  Blowcount  Conservative 

ModiHcation  of  Cyclic  Triaxial        Conservative 
Strength  Curves  to  Match  SPT 
Strength  Correlation 


Umited  Triaxial  Data 


Conservative 


PREDICTION  OF  LIQUEFACTION 
a)    Method 


Analysis 


-  Seed-Lee-Idriss  (Horizontal  Plane) 

-  Casagrande  Castro  (Critical  Void  Ratio) 

-  Leps/Bennet    (ai  and/or  Om) 

-  Equivalent  Linear  Total  Stress 

-  Non-Linear  Effective  Stress 


Seed-Lee-Idriss 

Equivalent  Linear  Total  Stress 


IV.     POST-EARTHQUAKE  STABIUTY 

a)  Interpretation  of  Static 
Triaxial  Compression  Tests 

b)  Strength  of  Sand  Following 
Earthquake  Shaking 


Lower  Bound,  Curve  Through  Data 
Average  Curve  Through  Data 
Zones  With  10%  Compressive  Strain  Poten- 
tial Have  Zero  Strength.  All  other  Zones  Have 
Full  Strength  and  Zero  Excess  Pore  Pressure.* 
Zones  Which  Develop  100%  Excess  Pore 
Pressure  Have  Residual  Viscous  Strength.  All 
Other  Zones  Have  Reduced  Strengths  Due  to 
Excess  Pore  Pressure. 
Zones  Which  Develop  10%  Compressive 
Strain  Potential  Have  Reduced  Strengths 
Due  to  Excess  Pore  Pressures 


Average  Curve  Through  Data 


Zones  Which  Develop  10% 
Compressive  Strain  Potential 
Have  Zero  Strengths.  All  Other 
Zones  Have  Reduced  Strengths 
Due  to  Excess  Pore  Pressure 


c)    Pore  Pressure 
Redistribution 


-  Dissipation  and  Dilation  Force  Pore  Pres- 
sures in  Non-Liquefied  Areas  to  Drop 

to  Pre-Earthquake  Conditions  Pore  Pressures  Redistributed  to 

-  Pore  Pressures  Redistributed  to  an  Average        an  Average  Constant  Value 
Constant  Value  Across  the  Sand  Layer Across  the  Sand  Layer 


Extremely 
Conservative 


Net  Stability  Factor  =  1.3 


*VaIue  i>  integral  part  of  pniccdurc  (Scid-Lcc-Idrlsi)  ulibraled  agaliitt  obscnred  behavior  of  Chabal,  Sheffield,  Lmoer  Su  Fernando,  and  Upper  San  I 
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The  components  and  parameters  of  the  analysis  are  sum- 
marized in  Table  28.  An  overall  degree  of  conservatism 
cannot  be  obtained  from  the  table  since  conservatism  is 
more  a  matter  of  judgment  than  of  statistics.  Further- 
more, the  components  are  not  directly  proportional  to 
each  other,  i.e.,  a  20  percent  increase  in  cyclic  shear 
strength  will  not  produce  a  20  percent  increase  in  the 
post-earthquake  stability  safety  factor.  Nevertheless, 
since  most  of  the  components  are  assessed  as  conserva- 
tive, the  final  stability  factor  of  safety  (1.3)  can  be  ac- 
cepted as  conservative. 

A  further  conservatism  should  also  be  noted.  When  the 
evaluation  of  Thermalito  Afterbay  Dam  was  performed, 
there  was  insufficient  information  from  available  case  his- 
tories to  justify  a  non-zero  residual  shear  strength  in  com- 
pletely liquefied  sands.  Consequently,  the  post-earth- 
quake slope  stability  analyses  performed  for  the  three 
critical  sites  employed  zero  residual  shear  strengths  (i.e., 
100  percent  pore  pressures  and  zero  cohesion)  for  foun- 
dation soil  areas  predicted  to  have  complete  liquefaction. 
By  the  time  this  bulletin  was  written,  however,  recent  in- 
terpretations of  post-earthquake  sliding  in  liquefied  soils 
showed  that  a  significant  residual  shear  strength  could 
have  been  justified  for  the  afterbay  soils.  This  would  have 
increased  significantly  the  post-earthquake  slope  stabil- 
ity factors  of  safety  (see  analyses  for  Thermalito  Forebay 
Dam  in  Chapter  V). 

Case  Histories  of  Embankments  With  Foundation 
Liquefaction 

Many  small  embankments  have  experienced  strong 
earthquake  shaking.  These  include  small  dams,  railroad 
and  highway  embankments,  and  river  and  canal  levees. 
Studies  of  performance  have  been  made  mainly  in  the 
United  States  and  Japan.  These  studies  tend  to  be  biased 
by  the  tendenqr  to  report  behavior  only  for  damaged 
structures. 

Damage  reports  from  strong  earthquakes  include  small 
embankments  that  failed  due  to  liquefaction  of  the  foun- 
dation. These  structures  include  highway  and  railroad 
embankments  in  Alaska,  canal  levees  in  El  Centro,  river 
levees  in  Japan,  and  the  Sheffield  Dam  near  Santa  Bar- 
bara. However,  none  of  these  embankments  was  founded 
on  surface  silt/clay  caps  overlying  the  liquefiable  sand 
layers: 


1.  Sheffield  Dam  was  a  25-foot-high  earth  embank- 
ment that  failed  during  the  1925  Santa  Barbara 
Earthquake.  The  earthquake  was  considered  a  Rich- 
ter  Magnitude  6.3  event  with  an  epicenter  about  7 
miles  away  from  the  damsite.  Peak  accelerations 
were  estimated  by  Seed  et  al.  (1967)  to  be  about  0.15g 
(probably  too  low  by  subsequent  correlations).  Fail- 
ure was  attributed  to  earthquake-induced  liquefac- 
tion of  loose  silty  sand  near  the  base  of  the  dam.  This 
resulted  in  a  300-foot  length  of  dam  sliding  about  100 
feet  downstream. 

2.  The  Hosorogi  railroad  embankment  suffered  exten- 
sive damage  during  the  1948  Fukui  Earthquake.  This 
silty/clay  embankment  was  constructed  on  soft  or- 
ganic silt.  The  embankment  had  a  maximum  height 
of  about  28  feet  and  experienced  horizontal  earth- 
quake accelerations  as  high  as  0.45g.  According  to 
Ambraseys  (1960): 

"The  embankment  in  most  places  slumped  to 
40  percent  of  its  original  height  while  it  was  dis- 
placed horizontally  by  as  much  as  its  full  width. 
Cross  sections  of  the  embankment  after  the 
earthquake  show  that  it  was  first  broken  into 
blocks  by  the  shock  and  the  unequal  subsidence 
of  its  foundation,  and  it  was  then  flattened  to  a 
shapeless  mass  of  earth  blocks.  The  foundation 
sunk  considerably  and  rows  of  rice  plant  on 
both  sides  of  the  embankment  were  heaved  up 
and  compressed  at  the  toes  of  the  slopes.  In 
many  places  the  structure  flowed  out,  leaving 
the  tracks  in  the  air.  At  other  points  the  track 
was  turned  upside  down  by  the  flow  of  the  fill 
material,  which  in  places  moved  50  feet  from 
its  original  position.  The  type  of  failure  gener- 
ally observed  along  the  Hosorogi  embank- 
ment indicates  clearly  a  base  failure  and 
spreading  of  the  fill;  the  fundamental  cause  be- 
ing the  soft  foundation  material.  The  fact  that 
the  collapse  was  due  to  base  failure  is  best  il- 
lustrated by  the  evidence  that  houses  built  on 
soft  ground  near  Kitagata-mura  sunk  more 
than  three  feet  into  the  ground  but  sustained 
absolutely  no  damage  to  the  roof  and  structural 
members." 

3.  According  to  Seed  (1968),  highway  embankments  in 
the  1964  Alaska  Earthquake  {Ms  =  8.6)  suffered  ex- 
tensive cracking  due  to  liquefaction  of  the  foundation 
silts  and  lateral  spreading.    The  example  quoted 
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shows  a  highway  embankment  about  12  feet  high  that 
developed  large  longitudinal  centerline  cracks  and 
some  transverse  cracks.  It  was  postulated  that  the 
lateral  movement  of  this  embankment  was  limited 
because  liquefaction  did  not  extend  across  the  entire 
base  of  the  embankment. 


studies  by  Youd  and  Perkins  (1978)  indicate  that  alluvial 
and  flood  plan  deposits  of  the  Pleistocene  Epoch  have  a 
low  probability  of  developing  liquefaction  induced 
ground  failure. 

Comparison  With  Upper  San  Fernando  Dam 


These  are  the  only  reported  examples  found  for  similar- 
sized  embankments  that  developed  significant  damage 
during  earthquakes.  All  of  these  embankments  were 
founded  directly  on  the  soils,  which  lost  strength  and,  be- 
ing older,  were  probably  not  as  well  constructed  asTher- 
malito  Afterbay  Dam. 

To  our  knowledge,  there  are  no  reported  performance 
cases  with  the  same  conditions  as  the  Afterbay— a  lique- 
fied sand  layer  capped  by  an  impervious  layer  on  which 
the  embankment  is  built. 

The  historical  documented  evidence  is  too  limited  to  use 
as  a  basis  for  predicting  behavior  for  the  specific  condi- 
tions at  the  Afterbay.  However,  it  is  encouraging  that 
case  histories  could  not  be  found  where  liquefaction  at 
depth  caused  failure  of  an  embankment  on  a  confining 
impervious  surface  layer. 

Age  of  Red  Bluff  Silty  Sands 

The  suspect  silty  sands  in  the  Red  Bluff  Formation  are 
estimated  to  be  approximately  450,000  years  old  (Pleisto- 
cene Epoch).  Earthquake  induced  failures  have  generally 
occurred  in  much  younger  Holocene  deposits.  Statistical 


The  level  of  permanent  earthquake-induced  deforma- 
tions that  might  be  produced  Thermalito  Afterbay 
Dam  can  be  estimated  by  examining  the  performance 
of  Upper  San  Fernando  Dam  during  the  1971  San 
Fernando  Earthquake  (M^,  =  6.6) .  The  Upper  San 
Fernando  Dam  is  a  hydraulic  fill  embankment,  which 
was  shaken  severely  by  the  1971  earthquake.  Investi- 
gations indicated  that  the  earthquake  produced  peak 
ground  accelerations  of  about  0.6g  at  the  dam  site  and 
induced  zones  of  liquefaction  within  the  hydraulic  fill. 
Despite  development  of  the  liquefied  zones,  the  dam 
suffered  average  deformations  of  about  6  feet  of  hori- 
zontal movement  and  about  2.5  feet  of  settlement 
(see  Seed  et  al.,  1973;  Addendum  F  in  Chapter  V). 

The  most  critical  site  along  Thermalito  Afterbay  Dam 
is  the  Station  107  (Site  1)  location.  Both  the  Station 
107  suspect  sands  and  the  Upper  San  Fernando  Dam 
hydraulic  fill  were  analyzed  to  have  liquefied  zones 
following  earthquake  shaking.  However,  because  the 
Station  107  sands  were  found  to  have  higher  cyclic 
shear  strength  (see  Figure  151),  the  amount  of  pre- 
dicted liquefaction  was  less  for  this  site  than  at  upper 
San  Fernando  Dam  (Figure  152).  The  following  chart 
compares  the  two  structures: 


Parameter 

Thermalito  Afterbay  Dam 
Station  107  Site 

Upper  San  Fernando  Dam 

Height  of  Embankment  (feet) 

26 

70 

Thickness  of  Liquefiable  Zone  (feet) 

15 

40 

Liquefiable  Soil 

Silty  Sand 

Nai  =  20 

SUty  Sand  &  Sandy  Silt 
Nai  =  10-14 

Earthquake 

M  =  6.5 
amax  =  0.35^ 

M  =  6.6 

amax  =  0.6g 

A  review  of  the  materials  and  loading  for  the  two  sites 
indicates  that  the  predicted  deformations  will  be  much 
less  at  Thermalito  Afterbay  than  those  sustained  at 
Upper  San  Fernando  Dam.  Factors  indicating  this  in- 
clude (1)  much  lower  earthquake  loading,  (b)  much 
smaller  thickness  of  liquefiable  materials,   (c)  higher 


SPT  blowcounts,  and  (d)  smaller  amounts  of  pre- 
dicted liquefaction  at  Thermalito  Afterbay  than  at  Up- 
per San  Fernando  Dam.  In  light  of  these  comparisons, 
judgment  would  suggest  that  only  about  0.5  feet  of  set- 
tlement and  1  foot  of  lateral  movement  would  be  pre- 
dicted for  locations  along  Thermalito  Afterbay  Dam. 
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Other  Earthquake  Effects 

Unacceptable  performance  other  than  shear  slides  is 
sometimes  associated  with  liquefaction  of  foundation 
sand.  In  the  case  of  a  dam,  the  consequences  could  be: 

•  The  embankment  sinking  into  liquefied  sand,  result- 
ing in  loss  of  freeboard. 

•  Differential  settlement  or  sinking  at  the  end  of  an 
area  of  foundation  liquefaction  could  cause  trans- 
verse cracks  subject  to  seepage  and  erosion. 

•  Liquefied  sand  "flowing"  out  from  under  the  dam 
and  surfacing  in  sand  boUs,  causing  excessive  settle- 
ment-loss of  freeboard. 


It  is  very  unlikely  that  any  of  the  above  consequences 
would  develop  at  Thermalito  Afterbay  because  of  the 
strong  impervious  layer  that  overlies  the  sand. 


Additional  possible  sources  of  unacceptable  behavior  are 
local  reaches  of  the  dan  where  there  exist  sharp  down- 
stream angles  in  tehe  axis  alignment,  such  as  the  90-de- 
gree  bend  at  Station  225.  These  locations  may  possibly  de- 
velop large  displacments  and  transverse  cracking  due  to 
out-of-phase  and  different  direcvtions  of  response  to  any 
earthquake  shaking.  Although  this  behavior  is  also  con- 
sidered unlikely  for  the  anticipated  level  of  earthquake 
motions,  the  Department  reinforced  the  Station  225  bend 
with  an  upstream  fillet  buttress  (See  Chapter  I). 
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Predicted  Performance  For 
Magnitude  6.5  Earthquake 


The  behavior  of  clay  embankments  during  earthquakes 
indicates  that  the  afterbay  embankment  and  clay  founda- 
tion layers  would  perform  well  during  severe  earth- 
quakes, in  the  absence  of  adverse  foundation  behavior. 
For  limited  extents  along  the  dam's  length,  analyses  pre- 


dict liquefaction  in  some  foundation  sands  beneath  the 
dam  crest  and  beyong  the  toes  for  the  postulated  earth- 
quake shaking.  The  surface  cap  of  silt  and  clay  has  a  sub- 
stantial stabilizing  effect  since  the  minimum  safety  factor 
against  sliding  is  1.3  using  a  conservative  assumption  of 
zero  residual  shear  resistance  in  the  liquefied  sands.  His- 
torical evidence  is  generally  consistent  with  this  finding. 
Only  minor  cracking  or  movements  are  predicted  for  the 
postulated  shaking. 
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ADDENDUM  A 
LIST  OF  BORINGS  AND  SOUNDINGS 

The  drilling  and  sampling  procedures  performed  at  Thermalito  Afterbay  are  described  in  detail  in  Section  3  of  Chapter  3. 
From  1976—1972,  more  than  500  explorations  were  placed  along  the  length  of  the  dam.  This  addendum  contains  a  list 
consisting  of  the  following: 

1.  Exploration  Identification 

SV,  D,  SPT  =       Standard  Penetration  Test  Boring 

CP,  CV,  CPT  =    Cone  Penetrometer  Test  Sounding 

M   =  mechanical;  E  =  electrical 

PS   ==    Stationary  Piston  Sampling  Boring 

PB   =     Pitcher  Barrel  Sampling  Boring 

(Three  borings,  79—361,  and  79—378  were  performed  by  Selby  Push.) 

2.  Station 

Station  of  hole  location  along  the  dam  axis  (feet) 

3.  Location 

Location  and  distance  of  hole  along  dam  section— usually  with  reference  to  crest  centerline, 
toe,  or  maintenance  road  centerline. 

4.  Tested  By 

Organization  that  performed  the  exploration.  The  following  organizations  participated  in  the 
explorations: 

a.  California  Department  of  Transportation  (Caltrans) 

b.  Continental  Drilling  Company 

c.  Ertec  Western,  Inc. 

d.  United  States  Geological  Survey 

5.  Date  Tested 

Actual  dates  on  which  the  exploration  was  performed 

6.  Spacing 

Distance  (feet)  of  the  exploration  from  the  exploration  upstation. 


Thermalito  Afterbay  Seismic  Explorations 
Borings  from  the  1976,  1978,  1979—80,  and  1981-82  Investigations 


Exploration 


Tested  By 


Spacing 
(feet) 


81A-CF1  SPT 

14' 

W/0  DS 

Toe       Continental 

10/15/81 

N/A 

81A-CF2  SPT 

13' 

II    1 

'         Continental 

10/14/81 

N/A 

81A-10  SPT 

10+50 

6' 

II 

'         Continental 

7/22, 2V81 

N/A 

aiA-12  SPT 

12+50 

8' 

It 

'         Continental 

7/23,24/81 

200 

81A-1U  SPT 

14+53 

7' 

" 

'         Continental 

7/22,23/81 

203 

D-1 

17+00 

5' 

" 

'         Caltrans 

3/22,23/76 

247 

81A-19  SPT 

19+60 

10' 

II 

'         Continental 

7/27,28/81 

260 

81A-22  SPT 

22+20 

7' 

11 

'         Continental 

7/7,8/81 

260 

81A-25  SPT 

24+80 

6' 

II 

'         Continental 

7/9,10/81 

260 

81A-27  SPT 

27+40 

8' 

II 

'         Continental 

7/13,14/81 

260 

79-30  SPT 

30+00 

9' 

II 

'         Caltrans 

10/23/79 

260 

81A-32  SPT 

32+50 

8' 

" 

'         Continental 

7/14,15/81 

250 

81A-35  SPT 

35+00 

10' 

II 

'         Continental 

7/16,17/81 

250 

81 A- 37  SPT 

37+50 

10' 

" 

'         Continental 

7/20,21/81 

250 

7g_i40  SPT 

40+01 

5' 

" 

'         Caltrans 

10/23,24/79 

251 

81A-42  SPT 

42+50 

7' 

" 

'         Continental 

7/28,29/81 

249 

S1A-i45  SPT 

45+00 

4' 

II 

'         Continental 

7/29,30/81 

250 

81A-47  SPT 

47+50 

5' 

II 

'         Continental 

7/30/81 

250 

79-50  SPT 

'^9+98 

5' 

" 

'          Caltrans 

10/24/79 

248 

81A-52  SPT 

52+50 

5' 

It 

'         Continental 

8/3/81 

252 

81A-S5  SPT 

55+00 

5' 

II 

'         Continental 

8/4-6/81 

250 

79-57  SPT 

57+23 

5' 

It 

•         Caltrans 

10/31/79 

223 

81A-59  SPT 

59+50 

3' 

II 

'         Continental 

8/6,7,10/81 

227 

Borings 


Thermalito  Afterbay  Seismic  Explorations 
from  the  1976,  1978,  1979—80,  and  1981-82  Investigations 


Exploration 


Station 


Location 


Tested  By 


Date  Tested 


Spacing 
(feet) 


81A-62  SPT 

62+00 

7'  W/0  DS  Toe 

Continental 

8/10, 11/R? 

250 

81A-6i|  SPT 

6il+50 

5'  " 

Continental 

8/12/81 

250 

81A-67  SPT 

67+00 

7'  "    " 

Continental 

8/13/81 

250 

81A-70  SPT 

70+00 

15'  "    " 

Continental 

8/14,17/81 

300 

81A-72  SPT 

72+50 

20'  "    " 

Continental 

8/20/81 

250 

D-2 

74+88 

At  DS  Toe 

Caltrans 

3/23,24/76 

238 

81A-C27  CPT 

75+00 

C-Maintenance  Road 

Ertec 

10/23/81 

12 

81A-77  SPT 

77+50 

25'  W/0  DS  Toe 

Continental 

8/17,18/81 

250 

81A-80  SPT 

80+10 

25'  " 

Continental 

8/21/81 

260 

81A-C26  CPT 

81+50 

g-Maintenance  Road 

Ertec 

10/23/81 

140 

81A-83  SPT 

83+00 

30'  W/0  DS  Toe 

Continental 

8/24,25/81 

150 

81A-85  SPT 

85+30 

25'  "    " 

Continental 

8/25,26/81 

230 

81A-C25A  CPT 

86+80 

g-Maintenance  Road 

Ertec 

10/23/81 

150 

79-88  SPT 

88+25 

8.5'  W/0  DS  Toe 

Caltrans 

10/71-21/81 

145 

81A-90  SPT 

90+00 

35'  " 

Continental 

8/26,27/81 

175 

81A-92  SPT 

92+50 

30'  "    " 

Continental 

8/27/81 

250 

81A-95  SPT 

95+00 

i\i^  1  11    II 

Continental 

8/27/81 

250 

81A-C24  CPT 

96+40 

g-Maintenance  Road 

Ertec 

10/23/81 

140 

81A-98  SPT 

98+20 

35'  W/0  DS  Toe 

Continental 

9/1/81 

ISO 

81A-100  SPT 

100+00 

35'  " 

Continental 

9/2/81 

180 

79-102  SPT 

102+00 

15'  " 

Caltrans 

10/16/79 

200 

80-102  SPT 

102+00 

8-1/2'  E/0  g-Crest 

Caltrans 

3/27/80 

81A-10iJ  PB-A 

104+10 

22'  W/0  DS  Toe 

Continental 

7/2/81 

210 

Borings 


Thermalito  Afterbay  Seismic  Explorations 
from  the  1976, 1978, 1979—80,  and  1981-82  Investigations 


Exploration 


Station 


Tested  By 


Spacing 
Date  Tested  (feet) 


81A-104 

SPT-F 

104+15 

21' 

W/0 

DS 

Toe 

Continental 

8/17,18/81 

6 

81A-104 

SPT-G 

104+16 

47' 

" 

II 

Continental 

8/19/81 

81A-10ii 

SPT-L 

104+22 

21' 

tt 

11 

Continental 

4/15/82 

6 

80-104 

SPT 

104+28 

8-1/2  E 

of  £-Crest 

Cal trans 

3/26,27/80 

6 

81A-104 

-PS-A 

104+28 

27' 

W/0 

DS  Toe 

Continental 

8/14-17/81 

81A-10il 

-SPT-J 

104+28 

15' 

1 

1 

Continental 

3/26/82 

81A-10i1 

SPT-K 

104+34 

15' 

• 

' 

Continental 

3/30-4/12/82 

6 

81A-104 

SPT-A 

104+34 

21' 

t 

1 

Continental 

7/2/81 

81A-104 

SPT-E 

104+34 

27' 

' 

1 

Continental 

7/21/81 

81A-10'4 

SPT-H 

104+40 

15' 

I 

1 

Continental 

3/10,11/82 

6 

81A-I0il 

SPT-B 

104+40 

21' 

• 

• 

Continental 

7/6/81 

81A-10i| 

SPT-C 

104+40 

27' 

' 

' 

Continental 

7/8-14/82 

81A-104 

SPT-M 

104+46 

15' 

1 

' 

Continental 

4/16/82 

6 

81A-104 

SPT-D 

104+46 

21' 

' 

1 

Continental 

7/17-20/81 

79-104 

^,PT 

104+50 

22' 

• 

' 

Cal trans 

10/18/79 

4 

81A-C1 

:pt 

105+83 

7* 

• 

1 

Ertec 

10/24/81 

137 

CV1- 

2^ 

105+83 

11' 

» 

I 

Ertec 

2/2/82 

81A-107 

SPT-J 

10S+86 

15' 

» 

1 

Continental 

7/28/81 

3 

81A-C2  CPT 

105+97 

15' 

• 

' 

Ertec 

10/22/81 

11 

81A-C3  CPT 

106+11 

7' 

' 

1 

Ertec 

10/22/81 

14 

CV1- 

22 

106+11 

11' 

' 

Ertec 

2/2/82 

81A-107 

SPT-H 

106+15 

15' 

' 

Continental 

7/27/81 

4 

81A-C15  CPT 

106+26 

6' 

w 

/o 

£- 

Crest 

Ertec 

10/24/81 

11 

Thermalito  Afterbay  Seismic  Explorations 
Borings  from  the  1976, 1978,  1979—80,  and  1981-82  Investigations 


Exploration 

Station 

Location 

Tested  By 

Date  Tested 

Spacing 
(feet) 

81A-C107  SPT- 

-B  106+26 

g-Crest 

Continental 

9/21-23/81 

81A-CiJ  CRT 

106+30 

8' 

W/0  DS  Toe 

Ertec 

10/22/81 

4 

81A-C5  CPT 

106+30 

22' 

W/0  DS  Toe 

Ertec 

10/22/81 

CV1-20 

106+30 

18- 

1/2'   W/0  DS  Toe 

Ertec 

2/2/82 

CV1-C1 

106+32 

g-Crest 

Ertec 

2/1/82 

2 

81  A- 107  SPT-( 

]     106+33 

15' 

W/0  DS  ' 

roe 

Continental 

7/24/81 

1 

SV1-9 

106+i^O 

9' 

It 

II 

Continental 

1/18/81 

7 

81A-C6  CPT 

106+45 

8' 

" 

II 

Ertec 

10/22/81 

5 

81A-C7  CPT 

106+45 

22' 

ti 

II 

Ertec 

10/22/81 

CV1-17 

106+45 

11- 

1/2'   W/0 

DS  Toe 

Ertec 

10/24/81 

CV1-18 

106+45 

9-1/2       " 

" 

Ertec 

10/23/81 

CV1-19 

106+45 

8' 

1 

Tl 

Ertec 

10/23/81 

81A-107  SPT-F 

'     106+48 

13' 

' 

II 

Continental 

7/23/81 

3 

81  A- 107  SPT-r 

)     106+60 

13' 

1 

II 

Continental 

7/20/81 

12 

81A-107  PS-E 

106+60 

18' 

1 

" 

Continental 

11/6/81 

81 A- 107  SPT-C 

)     106+60 

24' 

' 

" 

Continental 

8/6/81 

TAS-1C 

106+62 

37' 

• 

II 

Caltrans 

8/15/78 

2 

CP-107-M1 

106+64 

8' 

• 

" 

USGS 

5/19/81 

2 

81 A- 107  PS- A 

106+66 

22' 

' 

" 

Continental 

9/10-11/81 

2 

81A-107  PS-G 

106+66 

15' 

1 

II 

Continental 

11/5/81 

CP-107-E3 

106+68 

13' 

1 

II 

Ertec 

5/28/81 

2 

CP-107-E2 

106+68 

8' 

1 

" 

USGS 

5/19/81 

81A-107  SPT-F 

106+72 

19* 

" 

Continental 

8/7/81 

4 

Thermalito  Afterbay  Seismic  Explorations 
Borings  from  the  1976,  1978,  1979—80,  and  1981-82  Investigations 


Exploration 


Station 


Location 


Tested  By 


Date  Tested 


Spacing 
(feet) 


81  A- 107  PS-D 

106+72 

24' 

W/0  DS  Toe 

Continental 

7/20/81 

81 A- 107  SPT-S 

106+72 

31' 

fi    II 

Continental 

8/10/81 

CP-107-M2 

106+74 

8' 

,1    II 

USGS 

5/19/81 

2 

81A-C107  SPT-C 

106+76 

7' 

E/0 

£-Crest 

Continental 

9/23-25/81 

2 

CP-107-E4 

106+78 

13' 

W/0 

DS  Toe 

Ertec 

5/28/8 

2 

CP-107-E1 

106+78 

8' 

ti 

II 

USGS 

5/19/81 

CV1-C2 

106+80 

5' 

E/0 

£-Crest 

Ertec 

2/1/82 

2 

80-1 07  A  SPT 

106+80 

10- 

1/2' 

E/0  gCrest 

Cal trans 

3/28-31/80 

TAS-1B 

106+82 

8* 

W/0  DS  Toe 

Caltrans 

7/13-14/78 

2 

79- 107 A  SPT 

106+83 

124 

II 

Cal trans 

8/27/79 

1 

TAS-1A 

106+84 

11' 

W/0 

g-Crest 

Caltrans 

7/11/78 

1 

81  A- 107  SPT-A 

106+84 

25' 

W/0 

DS  Toe 

Continental 

7/6/81 

81 A- 107  SPT-C 

106+84 

14' 

If 

II 

Continental 

7/17/81 

SV1C-1 

106+84 

3' 

E/0 

g-Crest 

Continental 

12/22,23,30/81 

81A-C16  CPT 

106+85 

6' 

" 

" 

Ertec 

10/24/82 

1 

79-107  SPT 

106+86 

18' 

W/0 

DS  Toe 

Caltrans 

9/28-10/1/79 

1 

CP-107A-M1 

106+87 

10- 

1/2' 

E/0  £-Crest 

USGS 

5/20/81 

1 

81A-C107  SPT-D 

106+88 

£-Crest 

Continental 

9/28-29/81 

1 

81  A- 107  SPT-B 

106+90 

25' 

W/0  DS  Toe 

Continental 

7/7/81 

1 

SV1C-2 

106+91 

3' 

W/0 

£-Crest 

Continental 

12/31/81, 
1/4-6/82 

1 

80-107  SPT 

106+91 

9' 

W/0 

g-Crest 

Caltrans 

3/20-25/80 

81  A- 107  SPT-E 

106+93 

19' 

W/0 

DS  Toe 

Continental 

7/20-21/82 

2 

CV1-C3 

106+94 

3' 

W/0 

g-Crest 

Ertec 

12/17/81 

1 

Thermalito  Afterbay  Seismic  Explorations 
Borings  from  the  1976,  1978,  1979—80,  and  1981-82  Investigations 


Exploration 


Station 


Location 


Tested  By 


Date  Tested 


Spacing 
(feet) 


CP-107A-E1 

106+94 

10- 

1/2'  E/0  £-Crest 

USGS 

5/21/81 

CP-107A-E3 

106+95 

5-1/2-  E/0  g-Crest 

Ertec 

5/28/81 

1 

81  A- 107  SPT-T 

106+96 

13' 

WO   DS  Toe 

Continental 

8/11/81 

1 

SV1-1 

106+96 

19' 

W/0  DS  Toe 

Continental 

12/23-28/81 

SV1-2 

106+96 

22' 

W/0  DS  Toe 

Continental 

12/28-30/81 

SV1-3 

106+96 

16' 

W/0  DS  Toe 

Continental 

12/30/81 

81A-C107  SPT-E  106+97 

6' 

E/0  g-Crest 

Continental 

9/30-10/1/81 

1 

TAS-1 

107+00 

11' 

W/0  g-Crest 

Cal trans 

7/5-7/78 

3 

SV1-4 

107+00 

11' 

II    II 

Continental 

12/31/81 

CV1-1tl 

107+00 

19' 

1.    II 

Ertec 

2/1/82 

CV1-16 

107+00 

16' 

II    II 

Ertec 

2/1/82 

79-1 07B  SPT 

107+00 

124 

1  II    II 

Cal trans 

8/7-24/79 

81A-C8  CPT 

107+02 

13' 

II    II 

Ertec 

10/22/81 

2 

CV1-13 

107+03 

16' 

II    II 

Ertec 

2/1/82 

1 

CV1-15 

107+03 

13' 

It    II 

Ertec 

2/1/82 

81A-107  SPT-P 

107+06 

19' 

,1    II 

Continental 

8/5/81 

SV1-5 

107+09 

9' 

II    II 

Continental 

1/5/82 

TAS-1D 

107+10 

8' 

II    II 

Cal trans 

8/23,24/78 

SV1-6 

107+12 

11' 

II    II 

Continental 

1/5-6/82 

CV1-11 

107+13 

16' 

II    II 

Ertec 

2/1/82 

81A-C9-CPT 

107+13 

6' 

II    II 

Ertec 

10/23/81 

81A-C10-CPT 

107+13 

19' 

II    II 

Ertec 

10/22/81 

CV1-12 

107+16 

9' 

II 

Ertec 

2/1/82 

-> 
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Thermalito  Aiterbay  Seismic  Explorations 
Borings  from  the  1976, 1978,  1979—80,  and  1981-82  Investigations 


Exploration 

Station 

Location 

Tested  By 

Date  Tested 

Spacing 
(feet) 

CV1-8 

107+16 

6' 

W/0  £-Crest 

Ertec 

12/18/81 

79-1 07C  SPT 

107+17 

124 

,   „         „ 

Cal trans 

9/19/79 

1 

81 A- 107  SPT- 

N     107+20 

17' 

>i         ti 

Continental     8/4/81 

1 

81A-C11-CPT 

107+23 

13' 

ti         If 

Ertec 

10/23/81 

3 

TAS-1E 

107+24 

8' 

It         It 

Cal trans 

8/24,25/78             1 

CV1-10 

107+24 

16' 

II         It 

Ertec 

2/1/82 

CV1-9 

107+26 

16' 

11         ti 

Ertec 

2/1/82 

2 

81A-107  PS-F 

107+26 

18' 

It         II 

Continental     11/3-4/81 

81  A- 107  SPT- 

M     107+26 

7' 

1, 

Continental     8/3/81 

SV1-8 

107+26 

11' 

W/0  DS  Toe 

Continental     1/15/81 

81  A- 107  PS-E 

107+29 

12 

II         II 

Continental     10/2-5/81 

3 

CV1-7 

107+30 

6' 

It         It 

Ertec 

12/18/81 

1 

81  A- 107  SPT- 

L     107+32 

19' 

It         It 

Continental     7/31/81 

2 

81A-C12A  CPl 

107+36 

13' 

It         II 

Ertec 

10/23/81 

4 

CV1-3 

107+38 

12' 

II         It 

Ertec 

12/17/81 

2 

81 A- 107  PS-C 

107+39 

20' 

It         It 

Continental     11/2-3/81 

1 

SV1-7 

107+39 

14' 

It         It 

Continental 

L     1/7-8/81 

CV1-4 

107+40 

9' 

II         It 

Ertec 

12/17/81 

1 

CV1-6 

107+41 

6' 

It         It 

Ertec 

12/18/82 

1 

CV1-Ci| 

107+41 

6' 

W/0  g-Crest 

Ertec 

2/1/82 

CV1-5 

107+42 

9' 

W/0  DS  Toe 

Ertec 

12/17/81 

1 

81 A- 107  SPT- 

K     107+42 

13' 

It         It 

Continental     7/30/81 

CV1-6B 

107+43 

6' 

W/0  DS  Toe 

Ertec 

12/18/81 

1 

198 


Thermalito  Afterbay  Seismic  Explorations 
Borings  from  the  1976, 1978, 1979—80,  and  1981-82  Investigations 


Exploration 


Station 


Tested  By 


Spacing 
(feet) 


SV1C-3 

107+43 

£-Crest 

Continental 

1/3/82 

CV1-6A 

107+44 

6' 

W/0  DS  Toe 

Ertec 

12/18/81 

1 

81A-C13  CPT 

107+45 

6' 

«    ,. 

Ertec 

10/23/81 

1 

81A-C107  SPT-A 

107+46 

£-Crest 

Continental 

9/16-18/81 

1 

81-C17  CPT 

107+47 

6' 

W/0  £-Crest 

Ertec 

10/24/81 

1 

81A-Cm  CPT 

107+66 

12' 

W/0  DS  Toe 

Ertec 

10/22/81 

19 

CV1-2 

107+66 

12' 

It    ti 

Ertec 

12/17/81 

CV1-1A 

107+68 

12' 

It    ti 

Ertec 

12/17/81 

2 

81 A- 107  SPT-U 

107+72 

12' 

ti    ti 

Continental 

9/2,3/81 

4 

79-110-SPT 

109+50 

20' 

It    It 

Gal trans 

10/17/79 

178 

80-110  SPT 

109+50 

6' 

E/0  g-Crest 

Cal trans 

3/25-26/80 

79-112  SPT 

112+00 

16' 

W/0  DS  Toe 

Cal trans 

10/17/79 

250 

81A-11il  SPT 

114+50 

35' 

It    It 

Continental 

9/3,  9/81 

250 

79-117  SPT 

117+17 

39' 

It    It 

Cal trans 

11/29,30/79 

267 

81A-119  SPT 

119+00 

35' 

ti    It 

Continental 

9/10,11,14/81 

183 

81A-121  SPT 

120+80 

35' 

II    It 

Continental 

9/2ii-l6/81 

180 

81A-11  CPT 

120+86 

C-Maintenance  Road 

Ertec 

1/29/82 

6 

79-123  SPT 

122+60 

7' 

W/0  DS  Toe 

Cal trans 

11/1/79 

174 

81A-125  SPT 

124+88 

35' 

W/0  DS  Toe 

Continental 

9/16-18/81 

228 

81  A- 127  SPT 

127+16 

35' 

It    It 

Continental 

9/18-21/81 

228 

81A-129  SPT 

129+45 

36' 

W/0  DS  Toe 

Continental 

9/21-22/81 

229 

81A-131  SPT 

130+81 

40' 

It    It 

Continental 

1/25-26/82 

136 

81A-131  CPT 

130+87 

^-Maintenance  Road 

Ertec 

1/31/82 

6 

Thermalito  Afterbay  Seismic  Explorations 
from  the  1976,  1978, 1979—80,  and  1981-82  Investigations 


Exploration 


Station 


Tested  By 


Date  Tested 


Spacing 

(feet) 


81A-132  CPT 
79-132  SPT 
81A-132B  CPT 
81A-132  SPT 
81A-132C  CPT 
81A-134  SPT 
81A-137  SPT 
81A-139  SPT 
81A-1M1   CPT 
79-1 '12  SPT 
81A-1iJ2  CPT 
81A-1i43  CPT 

S^k-^^^\  spt 

81A-146  SPT 
80-148  SPT 
81A-150  SPT 
79-152  SPT 
81A-155  SPT 
81A-157  SPT 
81A-160  SPT 
CP-162-E1 
79-162  SPT 
D-3 


131+62 
131+68 
132+02 
132+31 
132+37 
13^1+26 
136+84 
139+42 
141+00 
142+00 
142+06 
143+00 
144+00 
146+00 
148+04 
150+09 
152+17 
154+68 
157+18 
159+68 
161+94 
162+19 
162+50 


g-Maintenance  Road 
IV  W/0  DS  Toe 
g-Maintenance  Road 
46'  W/o  DS  Toe 
C-Maintenance  Road 
46'   W/O  DS  Toe 
48'     "         " 
53'     " 
^-Maintenance  Road 

9'  W/O  DS  Toe 
C-Maintenance  Road 
C-Maintenance  Road 
48'  W/O  DS  Toe 
H^i      It         II 

13'     "        " 
40'     "         " 
5-1/2'   W/O  DS  Toe 
36'  W/O  DS  Toe 
35'   W/O  DS  Toe 
38'     " 

C-Maintenance  Road 
38'   W/O  DS  Toe 
At  DS  Toe 


Ertec 

Cal trans 

Ertec 

Continental 

Ertec 

Continental 

Continental 

Continental 

Ertec 

Cal trans 

Ertec 

Ertec 

Continental 

Continental 

Caltrans 

Continental 

Caltrans 

Continental 

Continental 

Continental 

Ertec 

Caltrans 

Caltrans 


1/31/82 

11/2/79 

1/31/82 

1/26-27/82 

1/31/82 

9/22,23/81 

9/24/81 

9/25/81 

1/31/82 

11/25/79 

1/31/82 

1/31/82 

9/28/81 

9/28/81 

7/24,25/80 

9/30/81 

11/6/79 

10/1/81 

10/2/81 

10/5/81 

5/29/81 

11/27/79 

3/24/76 


75 

6 

34 

29 

6 

189 

258 

258 

158 

100 

6 

94 

100 

200 

204 

205 

208 

251 

250 

250 

226 

25 

31 
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Thermalito  Afterbay  Seismic  Explorations 
Borings  from  the  1976,  1978, 1979—80,  and  1981-82  Investigations 


Exploration 


Station 


Location 


Tested  By 


Spacing 
Date  Tested  (feet) 


81A-164  SPT 

163+68 

75' 

W/0  DS  Toe 

Continental 

10/1/81 

118 

81A-C16U  SPT 

163+68 

£-Crest 

Continental 

10/9,12/81 

81A-C28  CPT 

163+74 

g-Crest 

Ertec 

10/24/81 

6 

81 A- 167  SPT- J 

164+27 

80' 

W/0  DS  Toe 

Continental 

10/5/81 

53 

81A-165  SPT 

164+29 

42' 

n 

ti 

Continental 

7/15,16/81 

2 

CP-165-E1 

164+31 

g-Maintenance  Road 

Ertec 

5/29/81 

2 

81A-165  PS-A 

164+35 

42' 

W/0  DS  Toe 

Continental 

8/12/81 

4 

81 A- 164  PS-B 

164+41 

42' 

" 

It 

Continental 

8/13/81 

6 

81A-164  PS-C 

164+47 

41' 

" 

tt 

Continental 

9/9,10/81 

6 

81A-164  SPT-D 

164+53 

40' 

It 

It 

Continental 

11/20/81 

6 

81  A- 167  SPT-L 

164+54 

88' 

u 

It 

Continental 

10/16/81 

1 

SV2-3 

164+58 

85' 

" 

It 

Continental 

11/20,21/82 

4 

81A-I6n  SPT-E 

164+59 

40' 

It 

It 

Continental 

1/20/81 

1 

81A-16J4  PS-D 

164+59 

84- 

" 

It 

Continental 

11/9/81 

CV2-9 

164+59 

91' 

tt 

" 

Ertec 

2/2/82 

CV2-10 

164+59 

95' 

It 

ti 

Ertec 

2/2/82 

CV2-11 

164+59 

97' 

" 

ti 

Ertec 

2/2/82 

CV2-12 

164+59 

98' 

11 

II 

Ertec 

2/2/82 

81A-164  SPT-A 

164+62 

91' 

w/0  DS  Toe 

Continental 

11/9,10/81 

3 

81A-C18  CPT 

164+62 

77' 

It 

It 

Ertec 

10/23/81 

CV2-7 

164+62 

81' 

ti 

ti 

Ertec 

2/2/82 

CV2-8 

164+62 

95' 

" 

" 

Ertec 

2/2/82 

81  A- 165  SPT-F 

164+65 

40' 

It 

ti 

Continental 

11/20/81 

3 

Borings 


Thermalito  Afterbay  Seismic  Explorations 
from  the  1976,  1978, 1979—80,  and  1981-82  Investigations 


Exploration 


Tested  By 


Spacing 
Date  Tested  (feet) 


81A-167  SPT-H 

16M+66 

80' 

W/0 

DS  Toe 

Continental 

10/2/81 

1 

81A-C165  SPT 

164+68 

5' 

E/0 

£-Crest 

Continental 

10/15/81 

2 

81A-C29  CPT 

164+74 

g-Crest 

Ertec 

10/24/81 

6 

CV2-5 

164+74 

77' 

W/0 

DS  Toe 

Ertec 

2/2/82 

CV2-6 

164+74 

85' 

" 

" 

Ertec 

2/2/82 

81A-165  SPT-B 

164+78 

80' 

" 

" 

Continental 

11/10,11/81 

4 

81 A- 167  SPT-K 

164+83 

80' 

" 

" 

Continental 

10/19/81 

5 

SV2-2 

164+33 

77' 

II 

II 

Continental 

1/19,20/82 

SV2-'4 

164+84 

76' 

II 

II 

Ertec 

2/2/82 

1 

81A-16U  SPT-C 

164+85 

75' 

II 

II 

Continental 

11/11/81 

CV2-3 

164+86 

75' 

" 

" 

Ertec 

2/2/82 

2 

81A-C19  CPT 

164+87 

74' 

II 

" 

Ertec 

10/23/81 

1 

81A-C20  CPT 

164+87 

86' 

" 

" 

Ertec 

10/23/81 

CV-2 

164+87 

86' 

II 

II 

Ertec 

2/2/82 

81A-16M  PS-E 

164+88 

80' 

" 

" 

Continental 

11/9/81 

1 

PV2-A 

164+90 

77' 

II 

II 

Continental 

2/2,3/82 

SV2-M 

164+90 

83' 

II 

Continental 

1/22/82 

4 

SV2-1 

164+92 

77' 

II 

Continental 

1/18/82 

2 

81  A- 167  SPT-G 

164+95 

80' 

II 

Continental 

10/1/81 

3 

81A-C21  CPT 

165+03 

74' 

II 

Ertec 

10/23/81 

CV2-1 

165+03 

83' 

II 

Ertec 

2/2/82 

81A-C22  CPT 

165+10 

86' 

II 

Ertec 

10/23/81 

7 

81 A- 167  SPT-F 

165+30 

80' 

.. 

Continental 

9/30/81 

20 
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Thermalito  Afterbay  Seismic  Explorations 
Borings  from  the  1976,  1978,  1979—80,  and  1981-82  Investigations 


Exploration 


Tested  By 


Spacing 
Date  Tested  (feet) 


81A-C23  CPT 

165+40 

80' 

W/0 

DS  Toe 

Ertec 

10/23/81 

10 

81A-C166  SPT 

165+68 

3' 

E/0 

g-Crest 

Continental 

10/23-29/81 

28 

81A-C166  CPT 

165+74 

g-Crest 

Ertec 

12/15/81 

6 

81A-167  SPT-n 

166+30 

68' 

W/0 

DS  Toe 

Continental 

9/3-8/81 

56 

CP-167-M2 

166+41 

20' 

tt 

If 

USGS 

5/21/81 

11 

i         CP-167-E2 

166+45 

20' 

» 

tt 

USGS 

5/21/81 

4 

|.„  79-167  SPT 

166+46 

43' 

tt 

It 

Cal trans 

11/29/76 

1 

81A-167  PS-D 

166+49 

14' 

tt 

It 

Continental 

1/29/82 

3 

81A-167  PS-E 

166+49 

8' 

tt 

II 

Continental 

2/1/82 

81A-167  PST-A 

166+49 

18' 

" 

ti 

Continental 

8/20,21/81 

81A-166  SPT-A 

166+50 

42' 

tt 

tt 

Continental 

8/26/81 

1 

CP-167-E4 

166+51 

26' 

" 

ti 

Ertec 

5/29/81 

1 

81A-167  PS-C 

166+55 

13' 

It 

It 

Continental 

1/28/82 

3 

81  A- 167  PS-A 

166+55 

18' 

tt 

It 

Continental 

8/27/81 

81A-167  SPT-E 

166+56 

68' 

It 

11 

Continental 

9/8,9/81 

^    81A-167  SPT-M 

166+61 

68' 

It 

II 

Continental 

3/15,16/82 

5 

r    81A-167  PS-F 

166+61 

12' 

It 

It 

Continental 

3/15,16/82 

CP_167-M1 

166+65 

25' 

It 

It 

USGS 

5/20/81 

4 

81 A- 167  SPT-C 

166+65 

6' 

It 

It 

Continental 

8/25/81 

81A-C167  SPT 

166+68 

g-Crest 

Continental 

1/13,14/82 

3 

CP-167-E1 

166+71 

25' 

W/0  DS  Toe 

USGS 

5/20/81 

3 

81A-167  PS-B 

166+73 

18' 

It 

It 

Continental 

10/5-6/81 

2 

81  A- 167  SPT-N 

166+73 

68' 

.. 

It 

Continental 

3/15/82 
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Thermalito  Afterbay  Seismic  Explorations 
Borings  from  the  1976,  1978,  1979—80,  and  1981-82  Investigations 


Exploration 


Station 


Tested  By 


Spacing 
(feet) 


81A-C30  CPT 

166+74 

£-Crest 

CP-167-E? 

166+76 

13'  W/0  DS  Toe 

81A-167  SPT-B 

166+79 

18'  " 

81  A- 167  PB-A 

166+79 

26'  " 

81A-C168  CPT 

167+62 

g-Crest 

81A-C168  SPT 

167+68 

4'  E/0  £-Crest 

81A-C31  CPT 

167+74 

g-Crest 

81  A- 168  SPT-A 

68+09 

9'  W/0  DS  Toe 

81A-C168B  CPT 

168+12 

g-Crest 

81  A- 168  SPT-B 

168+59 

12'  W/0  DS  Toe 

81A-C169  CPT 

168+62 

£-Crest 

81A-C169  SPT 

168+68 

4'  E/0  £-Crest 

81A-C32  CPT 

168+74 

£-Crest 

81A-169  SPT 

168+95 

7'  W/0  DS  Toe 

CP-169-E1 

169+22 

31'  "    " 

81A-C170  SPT 

169+68 

3'  E/0  g-Crest 

81  A- 170  SPT-A 

170+00 

34'  W/0  DS  Toe 

81A-C171  CPT 

170+74 

g-Crest 

81  A- 170  SPT 

170+82 

31'  W/0  DS  Toe 

CP-171-E1 

171+20 

29.  tt    " 

81A-C171B  CPT 

171+38 

g-Crest 

TAS-2M 

172+58 

35'  W/0  DS  Toe 

81A-C173  CPT 

172+74 

£-Crest 

Ertec 

10/24/81 

1 

Erteo 

5/29/81 

2 

Continental 

8/21-24/81 

3 

Continental 

7/16/81 

Ertec 

1/30/82 

83 

Continental 

12/10-22/81 

6 

Ertec 

10/24/81 

6 

Continental 

8/28-31/81 

35 

Ertec 

2/1/82 

3 

Continental 

8/28-31/81 

47 

Ertec 

1/30/82 

3 

Continental 

12/7-9/81 

6 

Ertec 

10/24/81 

6 

Continental 

10/5-6/81 

21 

Ertec 

5/29/81 

27 

Continental 

12/1-4/81 

46 

Continental 

11/12-13/81 

32 

Ertec 

12/15/81 

74 

Continental 

10/5-6/81 

8 

Ertec 

5/29/81 

38 

Ertec 

2/1/82 

18 

Cal trans 

8/17/78 

120 

Ertec 

12/15/81 

16 
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Thermalito  Afterbay  Seismic  Explorations 
Borings  from  the  1976, 1978, 1979—80,  and  1981-82  Investigations 


Exploration 


Location 


Tested  By 


Spacing 
(feet) 


TAS2L 

172+78 

34' 

W/0 

DS 

Toe 

Cal trans 

8/16/78 

t] 

TAS-2C 

172+80 

13' 

II 

II 

Caltrans 

7/11-12/78 

6 

CP-173-M1 

172+94 

33' 

11 

" 

uses 

5/19/81 

9 

TAS2B 

172+98 

11' 

W/0 

Rd  gCrest 

Caltrans 

7/10/78 

4 

CP-173-E1 

172+99 

33' 

W/0 

DS  Toe 

uses 

5/19/81 

5 

CP-173-E2 

172+99 

28' 

II 

II 

Ertec 

5/29/81 

79-173  SPT 

173+00 

30' 

II 

II 

Caltrans 

11/6,7/79 

1 

TAS2A 

173+00 

11' 

" 

II 

Caltrans 

6/29/78 

1 

TAS2 

173+03 

8' 

w/0  Rd  gCrest 

Caltrans 

6/26-28/78 

3 

TAS2E 

173+19 

34' 

W/0 

DS  Toe 

Caltrans 

7/25,26/78 

16 

TAS2G 

173+22 

33' 

II 

1 

Caltrans 

7/27/78 

3 

CP-173-E3 

173+27 

33' 

II 

1 

Ertec 

5/29/81 

5 

TAS-2F 

173+24 

34' 

II 

1 

Caltrans 

7/26,27/78 

3 

TAS-2H 

173+35 

33' 

" 

' 

Caltrans 

7/27,28/78 

9 

TAS-2J 

173+39 

33' 

II 

1 

Caltrans 

7/31-8/2/78 

4 

TAS-2D 

173+40 

13' 

II 

1 

Caltrans 

7/12,13/78 

1 

TAS-2K 

173+44 

33' 

II 

1 

Caltrans 

8/2,3/78 

4 

81A-175  SPT 

175+33 

35' 

II 

1 

Continental 

10/6/81 

185 

CP-175-E1 

175+42 

35' 

II 

1 

Ertec 

5/29/81 

9 

79-178  SPT 

177+67 

34' 

" 

' 

Caltrans 

11/20-21/78 

225 

CP-178-M1 

178+07 

29' 

" 

1 

uses 

5/20/81 

40 

CP-178-E1 

178+12 

29' 

" 

' 

uses 

5/20/81 

5 

CP-178-E2 

178+12 

32' 

II 

1 

Ertec 

5/29/81 
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Borings 


Thermalito  Afterbay  Seismic  Explorations 
from  the  1976,  1978, 1979—80,  and  1981-82  Investigations 


Exploration 


Station 


Location 


Tested  By 


Date  Tested 


Spacing 
(feet) 


D-4 
CP-178-E3 
81A-179  CPT 
81A-C179  CPT 
81A-180B  CPT 
B1A-180  SPT-A 
81 A- 180  SPT 
81A-180  CPT 
81A-C180  CPT 
81A-180  PS-A 
81 A- 180  SPT-B 
81A-181B  CPT 
81A-181   CPT 
81A-C181   CPT 
81  A- 1 828  CPT 
81A-182  CPT 
81A-183  SPT-A 
81A-183  SPT 
81A-183  CPT 
81A-183  PS-A 
81A-183  PS 
81A-183  SPT-B 
81A-184  CPT 


178+25 
178+38 
179+00 
179+31 
179+50 
180+09 
180+25 
180+31 
180+31 
180+35 
180+41 
180+50 
181+00 
181+31 
181+50 
182+00 
182+59 
182+83 
182+89 
182+93 
183+00 
183+07 
183+70 


5'   W/0  DS  Toe 
32'     "         " 
g-Maintenance  Road 
g-Crest 
£-Crest 

100'   W/0  DS  Toe 
29'     "         " 
g-Maintenance  Road 
g-Crest 

il8.5'  W/0  Fence 
48.5'  W/0  Fence 
g-Maintenance  Road 
g-Maintenance  Road 
g-Crest 

g-Maintenance  Road 
g-Maintenance  Road 
25'  W/0  DS  Toe 
25'   W/0  DS  Toe 
g-Maintenance  Road 
25'  W/0  DS  Toe 
25'      " 
25'     "         " 
g-Maintenance  Road 


Cal trans 

Ertec 

Ertec 

Ertec 

Ertec 

Continental 

Continental 

Ertec 

Ertec 

Continental 

Continental 

Ertec 

Ertec 

Ertec 

Ertec 

Ertec 

Continental 

Continental 

Ertec 

Continental 

Continental 

Continental 

Ertec 


3/25/76 

5/29/81 

12/15/81 

1/30/82 

1/31/82 

11/11/81 

10/7/81 

12/16/81 

1/30/82 

11/10/81 

11/10,11/81 

1/31/82 

12/16/81 

1/30/82 

1/31/82 

12/16/82 

1/28,29/82 

10/8/81 

12/16/81 

3/3-4/82 

3/2-3/82 

226-3/2/82 

12/16/81 
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Thermalito  Afterbay  Seismic  Explorations 
Borings  from  the  1976,  1978, 1979—80,  and  1981-82  Investigations 


Exploration 

Station 

Location 

Tested  By 

Date  Tested 

Spacing 

(feet) 

81A-185  SPT 

185+41 

31 '   W/0  DS  Toe 

Continental     10/9/81 

171 

79-188 

188+00 

27'     " 

Cal trans 

11/7/79 

259 

81A-190  CPT 

189+50 

C-Maintenance  Road 

Ertec 

12/16/81 

150 

81A-190  SPT 

190+50 

35'   W/0  DS  Toe 

Continental     10/12/81 

81A-191   CPT 

190+56 

^-Maintenance  Road 

Ertec 

12/16/81 

6 

81A-192  CPT 

191+50 

g-Maintenance  Road 

Ertec 

12/16/81 

94 

81A-193  SPT 

193+00 

44'  W/0  DS  Toe 

Continental     9/29-30/81         150 

81A-195  SPT 

195+50 

57'     " 

Continental     9/28,29/81         250 

D-5 

197+75 

5'     " 

Cal trans 

3/25-26/76         225 

81A-198  SPT 

198+00 

43 1      I.           n 

Continental     9/25-28/81           25 

CP-198-E1 

198+04 

142'      "          " 

Ertec 

5/29/81 

4 

81A-200  SPT 

200+50 

25'     "         " 

Ertec 

9/24-25/81         246 

81A-201   CPT 

201+00 

^-Maintenance  Road 

Ertec 

1/31/82 

50 

81A-202B  CP1 

r       201+50 

g-Maintenance  Road 

Ertec 

1/31/82 

50 

81A-C202  CPl 

r       202+00 

g-Crest 

Ertec 

1/30/82 

50 

81A-2n2  CPT 

202+00 

C-Maintenance  Road 

Ertec 

1/30/82 

81A-C203  CP' 

r     203+00 

£-Crest 

Ertec 

1/30/82 

100 

81A-203  CPT 

203+00 

^-Maintenance  Road 

Ertec 

1/30/82 

TAS-3 

203+00 

10'  W/0  £-Crest 

Cal trans 

7/17-19/78 

79-203  SPT 

203+04 

32'  W/0  DS  Toe 

Caltrans 

11/29/79 

4 

CP-203-M1 

203+04 

37'     " 

USGS 

5/21/81 

TAS-3A 

203+05 

6.5'   " 

Caltrans 

7/19/78 

1 

CP-203-E1 

203+11 

32'     "         " 

USGS 

5/21/81 

6 
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Thermalito  Aflerbay  Seismic  Explorations 
from  the  1976, 1978, 1979—80,  and  1981-82  Investigations 


Exploration 


Station 


Location 


Tested  By 


Date  Tested 


Spacing 

(feet) 


CP-203-E2 

203+1 M 

32'  W/0 

DS  Toe 

Frtec 

5/29/81 

2 

TAS-3D 

203+25 

36'  " 

II 

Cal trans 

8/8/78 

14 

TAS-3C 

203+55 

36'  " 

II 

Cal trans 

8/7,8/78 

30 

TAS-3B 

203+66 

37'  " 

•• 

Cal trans 

8/4/78 

11 

TAS-3E 

203+86 

36'  " 

II 

Cal trans 

8/17,18/78 

20 

CP-203-E2 

203+1^ 

32'  " 

II 

Ertec 

5/29/81 

2 

81A-C204  CPT 

204+00 

£-Crest 

Ertec 

1/30/82 

86 

81A-20M  CPT 

204+00 

^-Maintenance 

Road 

Ertec 

1/30/81 

81A-205  SPT 

205+28 

35'  W/0 

DS  Toe 

Continental 

9/23,24/81 

128 

81A-207  CPT 

206+50 

g-Maintenance 

Road 

Ertec 

12/16/81 

122 

81A-207B  CPT 

207+00 

g-Maintenance 

Road 

Ertec 

2/2/82 

50 

81A-207  SPT 

207+40 

33'  W/0 

DS  Toe 

Continental 

11/20/81 

40 

81A-207  SPT-A 

207+46 

33'  " 

II 

Continental 

11/23/81 

6 

81A-208  SPT 

207+52 

33'  " 

II 

Continental 

9/22,23/81 

6 

81A-208  SPT-B 

207+58 

33'  " 

II 

Continental 

11/19-20/81 

6 

81A-208  SPT-C 

207+64 

33'  " 

II 

Continental 

11/18-19/81 

6 

81A-208  CPT 

207+70 

g-Maintenance 

Road 

Ertec 

12/16/81 

6 

81A-209  CPT 

208+50 

^-Maintenance 

Road 

Ertec 

12/16/81 

80 

81A-210  SPT 

209+76 

39'  W/0 

DS  Toe 

Continental 

9/21-22/81 

126 

81A-210  CPT 

209+82 

C-Maintenance 

Road 

Ertec 

2/2/82 

6 

79-212  SPT 

212+00 

36'  W/0  DS  Toe 

Cal trans 

11/8/79 

218 

81A-2m  SPT 

214+10 

40'  " 

" 

Continental 

11/24,25/81 

210 

81A-215  SPT 

214+60 

42'  " 

II 

Continental 

9/21/81 

50 
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Thermalito  Afterbay  Seismic  Ex;plorations 
Borings  from  the  1976, 1978,  1979—80,  and  1981-82  Investigations 


Exploration 


Station 


Location 


Tested  By 


Spacing 

(feet) 


81A-216  SPT 

215+90 

44'  W/0  DS  Toe 

Continental 

1/28,29/82 

130 

81A-217  SPT 

217+20 

51 '  " 

Continental 

9/16,17/81 

130 

81A-220  SPT 

219+80 

51 '  " 

Continental 

9/15/81 

260 

81A-222  SPT 

222+40 

Hgt   1.    I. 

Continental 

11/14/81 

260 

79-225  SPT 

225+00 

9'  SW/0  DS  Toe 

Cal trans 

11/8/79 

260 

81A-227  SPT 

226+83 

16.5'  S/0  DS  Toe 

Continental 

9/10,11/81 

183 

81A-229  SPT 

228+66 

12'  S/0  DS  Toe 

Continental 

9/9,10/81 

183 

81A-231  SPT 

231+00 

12'  "    " 

Continental 

4/8,9/8 

234 

79-233  SPT 

233+40 

8'  "    " 

Cal trans 

11/13/79 

240 

81A-236  SPT 

235+70 

12'  " 

Continental 

9/4/81 

230 

81A-C237  CPT 

237+00 

g-Crest 

Ertec 

1/30/82 

130 

81A-238  SPT 

238+00 

10'  S/0  DS  Toe 

Continental 

9/3/81 

100 

81A-C238  CPT 

238+00 

g-Crest 

Ertec 

12/15/81 

CP-238-E4 

238+28 

11'  S/0  DS  Toe 

Ertec 

15/29/81 

28 

81A-C239  CPT 

239+00 

g-Crest 

Ertec 

1/30/82 

72 

79-238  SPT 

239+23 

6'  S/0  DS  Toe 

Cal trans 

11/28/79 

23 

CP-238-E1 

239+28 

6'  "    " 

USGS 

5/20/81 

5 

CP-238-E2 

239+28 

12'  " 

Ertec 

5/29/81 

CP-238-M1 

239+33 

6'  " 

USGS 

5/20/81 

5 

CP-238-E3 

239+38 

26'  " 

Ertec 

5/29/81 

5 

81A-C21I0  CPT 

240+00 

g-Crest 

Ertec 

12/15/81 

62 

81A-240  SPT 

240+50 

14'  S/0  DS  Toe 

Continental 

9/2/81 

50 

CP-238-E5 

240+57 

13'  "    " 

Ertec 

5/29/81 

7 

Thermalito  Afterbay  Seismic  Explorations 
Borings  from  the  1976,  1978, 1979—80,  and  1981-82  Investigations 


Exploration 

Station 

Location 

Tested  By 

Date  Tested 

Spacing 
(feet) 

81A-C2il1   CPT 

241+00 

g-Crest 

Ertec 

1/30/82 

43 

81A-C2M2  CPT 

2il2+00 

£-Crest 

Ertec 

12/15/81 

100 

D-6 

242+75 

At  DS  Toe 

Cal trans 

3/26-29/76          75 

81A-C21I3  CPT 

243+00 

£-Crest 

Ertec 

1/30/81 

25 

81A-2il3  SPT 

243+00 

23-S/O  DS  Toe 

Continental     9/1/82 

81A-C244  CPT 

244+00 

g-Crest 

Ertec 

12/15/81 

100 

81A-2i15  SPT 

245+00 

19'   S/0  DS  Toe 

Continental     8/31/81 

100 

80-2^7  SPT 

246+80 

1l4t      .1         ti 

Cal trans 

7/23/80 

180 

81A-C2il9  CPT 

248+65 

£-Crest 

Ertec 

12/15/81 

185 

81A-250  SPT 

250+50 

12.5'   S/0  DS  Toe 

Continental     8/28/81 

185 

81A-C253  CPT 

253+00 

g-Crest 

Ertec 

1/30/82 

250 

79-253  SPT 

253+00 

6'   S/0  DS  Toe 

Cal trans 

11/13,14/79 

81A-C254  CPT 

254+00 

g-Crest 

Ertec 

12/17/81 

100 

81A-C255  CPT 

255+00 

£-Crest 

Ertec 

1/29/82 

100 

81A-255  SPT 

255+50 

11.5'   S/0  DS  Toe 

Continental     8/27/81 

50 

81A-C256  CPT 

256+00 

g-Crest 

Ertec 

12/17/81 

50 

81A-C257  CPT 

257+00 

g-Crest 

Ertec 

1/29/82 

100 

81A-C258  CPT 

258+00 

g-Crest 

Ertec 

12/17/81 

100 

81A-258  SPT 

258+00 

12'   S/0  DS  Toe 

Continental 

L     8/26/81 

81A-C259  CPT 

259+00 

g-Crest 

Ertec 

1/29/82 

100 

81A-C260  CPT 

260+00 

g-Crest 

Ertec 

12/17/81 

100 

81A-260  SPT 

260+00 

12.5'   S/0  DS  Toe 

Continental 

.     8/25/81 

81A-C261   CPT 

261+00 

C-Crest 

Ertec 

1/29/82 

100 

Borings 


Thermalito  Afterbay  Seismic  Explorations 
from  the  1976, 1978, 1979—80,  and  1981-82  Investigations 


Exploration 


Location 


Tested  By 


Date  Tested 


Spacing 
(feet) 


81A-262  SPT 

262+00 

lil'  S/0  DS  Toe 

81A-266  SPT 

266+00 

13'  "    " 

81A-C267  CPT 

267+00 

g-Crest 

81A-C268B  CPT 

267+50 

£-Crest 

81A-C268  CPT 

268+00 

g-Crest 

81A-C269B  CPT 

268+50 

g-Crest 

81A-268  SPT 

268+50 

13'  S/0  DS  Toe 

81A-C269  CPT 

269+00 

g-Crest 

D-7 

269+50 

3'  S/0  DS  Toe 

81A-C270  CPT 

270+00 

g-Crest 

81A-271  SPT 

271+05 

6'  S/0  DS  Toe 

81A-C272  CPT 

272+00 

g-Crest 

81A-273  SPT 

273+50 

5'  S/0  DS  Toe 

81A-276  SPT 

276+02 

16'  " 

81A-C278  CPT 

278+00 

g-Crest 

81A-278  SPT 

278+50 

11'  S/0  DS  Toe 

81A-C279  CPT 

279+00 

g-Crest 

TAS-4A 

279+8? 

18'  S/0  DS  Toe 

81A-C280  CPT 

280+00 

g-Crest 

CP-280-M1 

280+00 

15'  S/0  DS  Toe 

TAS-4 

281+00 

13'  S/0  g-Crest 

81A-C281  CPT 

281+00 

g-Crest 

81A-281  SPT 

28+00 

15'  S/0  DS  Toe 

Continental 

8/24/81 

100 

Continental 

8/21-24/81 

400 

Ertec 

1/29/82 

100 

Ertec 

2/2/82 

50 

Ertec 

12/17/81 

50 

Ertec 

2/2/82 

50 

Continental 

8/20,21/81 

Ertec 

1/29/82 

50 

Cal trans 

3/29/76 

50 

Ertec 

12/17/81 

50 

Continental 

8/19,20/81 

105 

Ertec 

12/17/81 

95 

Continental 

3/18/81 

150 

Continental 

8/17/81 

252 

Ertec 

12/17/81 

198 

Continental 

8/11,12/81 

50 

Ertec 

2/1/82 

50 

Caltrans 

8/22/78 

83 

Ertec 

12/17/81 

17 

USGS 

5/22/81 

Caltrans 

7/20,21/78 

100 

Ertec 

2/1/82 

Continental 

10/1V81 

Thermalito  Alterbay  Seismic  Explorations 
Borings  from  the  1976, 1978,  1979—80,  and  1981-82  Investigations 


Exploration 


Station 


Location 


Tested  By 


Date  Tested 


Spacing 

(feet) 


D-8 

281+63 

4' 

S/0  DS  Toe 

Cal trans 

3/30,31/76 

63 

81A-C282  CPT 

282+00 

g-Crest 

Ertec 

12/16/81 

37 

81A-283  SPT 

283+50 

13' 

S/0  DS  Toe 

Continental 

8/13/81 

150 

81A-C285  CPT 

285+00 

g-Crest 

Ertec 

12/15/81 

150 

80-286  SPT 

286+35 

11' 

N/0  g-Crest 

Cal trans 

7/22,23/80 

135 

81A-288  SPT 

288+14 

15' 

S/0  DS  Toe 

Continental 

8/14/81 

179 

79-290  SPT 

289+87 

4' 

1    II 

Cal trans 

11/14,15/79 

173 

81A-292  SPT 

292+29 

6' 

t    II 

Continental 

8/7/81 

242 

81A-295  SPT 

295+00 

14' 

t    II 

Continental 

8/5/81 

271 

81A-297  SPT 

297+32 

18' 

1    II 

Continental 

8/4/81 

232 

79-300  SPT 

299+97 

23' 

1    II 

Cal trans 

11/15-20/79 

265 

81A-302  SPT 

302+50 

21' 

1    II 

Continental 

7/24-27/81 

253 

80-305  SPT 

304+95 

12' 

1    II 

Cal trans 

7/a4/80 

245 

81A-308  SPT 

307+89 

19' 

1    II 

Continental 

7/22,23/81 

294 

79-310  SPT 

310+00 

7' 

1    If 

Cal trans 

11/9/79 

211 

81A-312  SPT 

312+00 

25' 

1    II 

Continental 

7/8/81 

200 

80-314  SPT 

313+54 

8' 

SE/0  DS  Toe 

Cal trans 

7/25/80 

154 

81A-316  SPT 

316+50 

10' 

SEyo  DS  TToe 

Continental 

7/13,14/81 

296 

81A-319  SPT 

319+00 

16' 

S/0  DS  Toe 

Continental 

7/1H_17/81 

250 

81A-321  SPT 

321+50 

25' 

II    II 

Continental 

7/17/81 

250 

81A-C337  SPT 

337+00 

5' 

N/0  g-Crest 

Continental 

12/22,23/81 

1550 

81A-C340  CPT 

339+50 

g-Crest 

Ertec 

12/15/81 

250 

81A-C342  SPT 

342+00 

4' 

N/ 

'0  g-Crest 

Continental 

10/28-30/81 

250 

212 


Borings 


Thermalito  Afterbay  Seismic  Elxplorations 
from  the  1976,  1978, 1979—80,  and  1981-82  Investigations 


Exploration 

Station 

Location 

Tested  By 

Date  Tested 

Spacing 
(feet) 

81A-C34H  SPT 

344+50 

7'   N/0  g-Crest 

Continental 

10/27-11/3/81   250 

81A-C345  CPT 

345+00 

£-Crest 

Ertec 

1/29/82 

50 

81A-C346  CPT 

346+00 

g-Crest 

Ertec 

12/15/81 

100 

81A-C346  SPT 

346+44 

3'   N/0  g-Crest 

Continental 

3/5-8/82 

44 

81A-C347B  CP1 

r     346+50 

£-Crest 

Ertec 

2/1/82 

6 

81A-347  SPT 

346+90 

190'   S/0  g-Crest 

Continental 

4/21/82 

40 

81A-C347  CPT 

347+00 

g-Crest 

Ertec 

12/15/81 

10 

81A-C347  SPT 

347+00 

5'   N/0  g-Crest 

Continental 

10/30-11/2,3/81 

81A-C348B  C?-] 

r     347+50 

g-Crest 

Ertec 

1/31/82 

50 

81A-348  SPT 

347+90 

190'   S/0  £-Crest 

Continental 

4/21/82 

40 

81A-C348  CPT 

348+00 

g-Crest 

Ertec 

12/15/81 

10 

81A-C3n8  SPT 

348+06 

2'   N/0  g-Crest 

Continental 

1/22-26/82 

6 

81A-C3M9  CPT 

349+00 

g-Crest 

Ertec 

1/29/82 

94 

81A-C3M9  SPT 

349+00 

6'   N/0  g-Crest 

Continental 

11/3-5/81 

81A-C350  CPT 

350+00 

g-Crest 

Ertec 

1/29/82 

100 

81A-C350  SPT 

350+00 

5'   S/0  g-Crest 

Continental 

3/18,19/82 

81A-C351  SPT 

351+00 

5'   N/0  g-Crest 

Continental 

12/18-22/81        100 

79-351 

351+00 

23'   S/0  DS  Toe 

Cal trans 

10/30/79 

81A-C351  CPT 

351+06 

g-Crest 

Ertec 

1/29/82 

6 

81A-C352  SPT 

352+00 

9'  N/0  g-Crest 

Continental 

3/23,24/82 

94 

81A-C353  SPT 

353+00 

y.      II 

Continental 

3/17,18/82 

100 

81A-C354  CPT 

354+00 

g-Crest 

Ertec 

1/29/82 

100 

81A-C354  SPT 

354+00 

12'   N/0  g-Crest 

Continental 

3/25/82 

213  - 


Thermalito  Aflerbay  Seismic  Explorations 
Borings  from  the  1976,  1978,  1979—80,  and  1981-82  Investigations 


Exploration 


Tested 


Date  Tested 


Spacing 
(feet) 


81A-C355  CPT 

354+50 

g-Crest 

Ertec 

1/31/821 

50 

81A-C356  SPT 

356+00 

6'  M/0  £-Crest 

Continental 

11/11/81 

150 

81A-C357  CPT 

358+00 

£-Crest 

Ertec 

1/30/82 

200 

81A-C359  SPT 

358+56 

3'  N/0  g-Crest 

Continental 

1/26,27/82 

56 

81A-C360  CPT 

360+00 

g-Crest 

Ertec 

1/30/82 

144 

81A-C361  SPT 

361+00 

5'  N/0  g-Crest 

Continental 

12/17,18/81 

100 

79-361 

361+00 

32'  S/0  DS  Toe 

Cal trans 

10/30/79 

81A-C361  CPT 

361+06 

g-Crest 

Ertec 

1/30/82 

6 

81A-C362  SPT 

361+94 

4'  N/0  g-Crest 

Continental 

3/8,9/82 

88 

81A-C362  CPT 

362+00 

g-Crest 

Ertec 

1/30/82 

6 

81A-C363  SPT 

362+94 

5'  N/0  g-Crest 

Continental 

3/9,10/82 

94 

81A-C364  CPT 

363+50 

£-Crest 

Ertec 

12/15/81 

56 

81A-C366  SPT 

366+00 

4'  W/0  g-Crest 

Continental 

12A14-16/81 

250 

81A-370  SPT 

370+50 

yi   II     II 

Continental 

12/10-14/81 

150 

81A-C373  CPT 

373+00 

g-Crest 

Ertec 

12/15/81 

250 

81A-C375  SPT 

375+50 

5'  W/0  g-Crest 

Continental 

12/7-9/81 

250 

81A-C377  CPT 

377+00 

g-Crest 

Ertec 

1/29/82 

150 

81A-C378  CPT 

378+00 

g-Crest 

Ertec 

12/15/81 

100 

79-378 

378+00 

25'  S/0  DS  Toe 

Cal trans 

10/31/79 

81A-C379  CPT 

379+00 

g-Crest 

Ertec 

1/29/82 

100 

81A-C380  CPT 

379+50 

g-Crest 

Ertec 

12/15/81 

50 

81A-C380B  CPT 

380+00 

g-Crest 

Ertec 

1/29/82 

50 

81A-C380  PS-A 

380+38 

3'  W/0  g-Crest 

Continental 

1/22-26/82 

38 

Thermalito  Afterbay  Seismic  Explorations 
Borings  from  the  1976,  1978, 1979—80,  and  1981-82  Investigations 


Exploration 


Station 


Location 


Tested  By 


Date  Tested 


Spacing 
(feet) 


81A-C380  PS 

380+43 

3'  W/0 

g-Crest 

Continental 

1/21,22/82 

5 

81A-C381   CPT 

380+50 

g-Crest 

Ertec 

12/15/81 

7 

81A-C380  SPT 

380+50 

4'   W/0 

g-Crest 

Continental 

11/12-23/81 

81A-C381B  CPT 

381+00 

g-Crest 

Ertec 

1/29/B2 

50 

81A-C382  CPT 

381+50 

g-Crest 

Ertec 

12/15/81 

50 

81A-C382  SPT 

381+56 

3'  W/0 

g-Crest 

Continental 

1/27,28/82 

6 

81A-C383  CPT 

383+00 

£-Crest 

Ertec 

12/15/81 

144 

81A-C383  PS 

383+02 

1'   E/0 

g-Crest 

Continental 

1/26,27/82 

2 

81A-C383  SPT 

383+06 

2'   W/0 

g-Crest 

Continental 

1/20,21/82 

4 

81A-C384  CPT 

384+00 

g-Crest 

Ertec 

1/29/82 

94 

81A-C385  SPT 

385+50 

7'   W/0 

£-Crest 

Continental 

12/1-7/81 

150 

81A-C386  CPT 

3B5+56 

£-Crest 

Ertec 

1/31/82 

6 

81A-C387  CPT 

387+00 

g-Crest 

Ertec 

12/15/81 

144 

81A-C388B  CPT 

387+50 

g-Crest 

Ertec 

1/31/82 

50 

81A-C388  CPT 

388+00 

g-Crest 

Ertec 

12/15/81 

50 

81A-C389  CPT 

389+00 

g-Crest 

Ertec 

12/15/81 

100 

81A-C389  SPT 

389+06 

2'  W/0 

g-Crest 

Continental 

1/21,22/82 

6 

81A-C390  SPT 

390+50 

5'   W/0 

g-Crest 

Continental 

11/24-12/1/81 

44 

81A-C393  SPT 

393+00 

6'   W/0 

g-Crest 

Continental 

11/23-12/r/81 

250 

81A-C396  SPT 

395+50 

5'   M/0 

g-Crest 

Continental 

11/16,17/81 

250 

ADDENDUM  B 
STATIC  STRESSES  FROM  STATIC  FINITE  ELEMENT  ANALYSES 

The  static  stresses  presented  in  this  appendix  are  values  generated  by  the  static  finite  element  program  TWIST.  Stresses 
are  presented  in  units  of  pounds  per  square  foot  and  are  shown  for  the  three  models  analyzed  (Stations  107, 165,  and  347). 
Each  model  has  the  following  stress  components  presented  for  the  two  reservoir  elevations  (128  and  136.5  feet)  used  in 
the  analysis: 

1.  Static  horizontal  normal  stresses,  Ox  (psf) 

2.  Static  vertical  normal  stresses,  Oy  (psf) 

3.  Static  major  principal  stresses,  a^  (psf) 

4.  Static  minor  principal  stresses,  a^  (psf) 

5.  Static  horizontal  shear  stresses,  Xxy  (psf) 

6.  Static  maximum  shear  stresses  Tmax  (psf) 

7.  Principal  stress  orientations 

In  each  of  the  following  figures  (Figures  153-173),  the  suspect  sand  layer  is  shown  bracketed  by  a  heavy  dark  line  above 
and  below  the  layer. 
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Figure  153.  Static  Horizontal  Normal  Stresses,  Ox  (psj),  for  Station  107 
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Figure  154.  Static  Vertical  Normal  Stresses,  Oy  (psJ),  for  Station  107 
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Figure  157.  Static  Horizonttd  Shear  Stresses,  Xxy  (psf),  for  Station  107 
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Figure  158.  Static  Maximum  Shear  Stresses,  T^ax       (psf),  for  Station  107 
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Figure  159.  Principal  Stress  Orientations  for  Station  107 
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Figure  160.  Static  Horizontal  Normal  Stresses,  Ox  (psfifor  Station  165 
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Figure  161.   Static  Vertical  Normal  Stresses,  Oy  (psj)  for  Station  165 
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Figure  162.  Static  Major  Principal  Stresses,  <7i   (psJ),  for  Station  165 
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Figure  163.  Sialic  Minor  Principal  Slresses,  O3   (psf),  for  Station  165 
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Figure  164.  Static  Horizontal  Shear  Stresses,  txy  (psf),  for  Station  165 
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Figure  165.  Static  Maximum  Shear  Stresses,  ^max  (psj),  for  Station  165 
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Figure  166.  Principal  Stress  Orientations  for  Station  165 
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Figure  168.  Static  Vertical  Normal  Stresses,  Oy  (psf),  for  Station  347 
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Figure  169.  Static  Mqjor  Principal  Stresses,  Oi    (psj),  for  Station  347 
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Figure  170.  Static  Minor  Principal  Stresses,  O3   (psf),  for  Station  347 
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Figure  171.  Static  Horizontal  Shear  Stresses,  txy  (psj),  for  Station  347 
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B.    RESERVOIR    ELEVATION  =  136.5    FEET 
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Figure  172.  Static  Maximum  Shear  Stresses,  rmax(  psJ),  for  Station  347 
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Fifftrt  173.  Principal  Stress  Orientations  for  Station  347 
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ADDENDUM  C 
ACCELEROGRAMS 

Addendum  C  contains  the  time  histories  and  response  spectra  for  the  three  earthquake  motions  used  in  the  seismic  analy- 
ses of  ThermaHto  Afterbay  Dam  (figures  174  and  175).  Figure  174  presents  the  displacement,  velocity,  and  acceleration 
time  histories  for  each  motion.  Figure  175  presents  the  response  spectra  with  damping  ratios  of  0.02, 0.05, 0.10,  and  0.20. 


Figure  174.  Time  Histories  for  the  Thermalito  Aflerbay  Analysis 
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Figure  175.  Response  Spectra  for  the  Thermalito  Afierbay  Analysis 
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ADDENDUM  D 
RESULTS  OF  DYNAMIC  RESPONSE  ANALYSES 

Earthquake-induced  dynamic  stresses  were  calculated  using  a  series  of  one-dimensional  dynamic  response  analyses  for 
each  of  the  three  models  analyzed  (Stations  107, 165,  and  347).  Program  SHAKE  was  used  in  these  three  analyses.  This 
addendum  presents,  for  each  model,  the  maximum  horizontal  accelerations  along  each  SHAKE  profile,  the  maximum 
dynamic  shear  stresses  in  the  suspect  sand  layer  and  typical  shear  stress  time  histories  produced  in  the  suspect  sand  layer. 
Acceleration  values  are  presented  in  units  of  gravity,  and  shear  stresses  are  shown  in  units  of  pounds  per  square  foot. 
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Figure  176.  Maximum  HorizonUd  Accelerations,  a  max  (g).  Determined  from  One-Dimensional  Shake  Analysis  for  Station  107 
Using  the  Eureka  Federal  Building  Motion 
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Figure  179.  Maximum  Horizontal  Accelerations,   a  max  (g).  Determined  from  One-Dimensional  Shake  Analysis  for  Station  347 
Using  the  McCabe  School  Motion 
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Figure  181.  Maximum  Dynamic  Shear  Stresses,   ^max  (psj),  Station  107  from  Shake  Analysis 
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Figure  182.  Maximum  Dynamic  Shear  Stresses,  r^ax  (psj),  Station  165  and  347  from  Shake  Analysis 
Using  the  McCabe  School  Motion 
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Figure  183.  Typical  Shear  Stress  Time  Histories  in  Suspect  Sand  Layer  from  Station  107  Downstream  Shake  Profile  (Column  8) 
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Figure  184.  Typical  Shear  Stress  Time  History  in  Suspect  Sand  Layer  from  Station  165  Upstream  Shake  Profile  (Column  1) 
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Figure  185.  Typical  Shear  Stress  Time  History  in  Suspect  Sand  Layer  fl-om  Station  165  Downstream  Shake  Profile  (Column 
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Figure  186.  Typical  Shear  Stress  Time  History  in  Suspect  Sand  Layer  from  Station  165  Crest  Shake  Profile  (Column  4) 
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187.  Typical  Shear  Stress  Time  History  in  Suspect  Sand  Layer  from  Station  347  Upstream  Shake  Profile  (Column  1) 
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Figure  188.  Typical  Shear  Stress  Time  History  in  Suspect  Sand  Layer  from  Station  347  Crest  Shake  Profile  (Column  4) 
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ADDENDUM  E 
DYNAMIC  TESTING 

Undisturbed  samples  collected  from  the  weak  foundation  sand  layers  at  the  Afterbay  were  subjected  to  stress-controlled 
cyclic  triaxial  tests.  In  addition,  a  substantial  number  of  cyclic  triaxial  tests  were  performed  on  remolded  specimens  made 
from  the  1978  samples. 

Addendum  E  presents  a  summary  of  cyclic  triaxial  tests  performed  between  1978  and  1982.  They  are  organized  by  sam- 
pling year  and  consolidation  conditions.  Each  summary  tabulates  the  samples'  particular  information  (i.e.,  depth,  as- 
signed blowcount  value,  material  type,  densities,  and  grain  size),  along  with  the  test  results  (stress  level,  and  number  of 
stress  cycles  required  to  induce  5  percent  strain  and  10  percent  strain.) 
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Table  30.  Cyclic  Triaxial  Test  Summary  for  1978  Undisturbed  Samples  Tested  at  cr'ac  =  1-Okscand  Kc  =  1.0 
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Table  31.  Cyclic  Triaxial  Test  Summary  for  1978  Undisturbed  Samples  Tested  at  &2 
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Table  32.  Cyclic  Triaxial  Test  Summary  for  1978  Undisturbed  Samples  Tested  at  a'jc  =  3.0*5cand  A^c  =  10 
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TAS-2J* 

30 

PS-9 

8-356C 

40 

97.7 

99.4 

0.80 

SP 

1.67 

6 

11 

TAS-2J* 

32 

PS-10 

8-357C 

40 

94.0 

94.9 

0.42 

SP 

- 

1.99 

5 

10 

TAS-21C* 

23 

PS-7 

8-365C 

40 

111.4 

112.7 

0.37 

SM 

- 

1.28 

16 

24 

TAS-2K* 

25 

PS-8 

8-366C 

40 

100.4 

101.7 

0.61 

SP 

- 

1.20 

15 

22 

TAS-2K 

27 

PS-9 

8-367C 

40 

93.6 

95.2 

0.56 

SP 

- 

1.21 

20 

23 

TAS-2K* 

29 

PS-10 

8-368C 

40 

93.3 

94.9 

0.59 

SP-SM 

- 

1.44 

7.5 

14 

Table  33.  Cyclic  Triaxial  Test  Summary  for  1978  Remolded  Samples  Tested  at  o'^c  =  lO^^scand  Kc  =  10 


Consol- 

Assigned 

idated 

"ai 

Dry 

Dry 

Z  Minus 

uses 

Depth 

Field 

Lab 

(blows/ 

Density 

Density 

#200 

D50 

Classifi- 

B 

<s, 

N5 

NlO 

Borehole 

(feet) 

Sample 

ID 

foot) 

(pcf) 

(psf) 

Sieve 

(mm) 

cation 

Value 

(cycles) 

(cycles) 

TAS-ID 
TAS-ID** 
TAS-IE* 
TAS-IE** 

rAS-2J 
*      lOZ 


als  of   induced 


PS-3 

8-440B 

84.9 

87.5 

PS-3 

8-440BC 

- 

87.7 

89.8 

PS-3 

8-449B 

- 

84.8 

- 

PS-3 

8-449B 

- 

85.6 

86.8 

PS-4 

8-351C 
stress  pri 

3r  to 

96.0 
testing 

95.3 

ated 

i   cyclic 

SM-SP 

- 

0.50 

5 

9 

SM-SP 

- 

0.82 

1.5 

2 

SM-SP 

- 

0.37 

22 

29 

SM-SP 

- 

0.65 

3.5 

4 

Table  34.  Cyclic  Triaxial  Test  Summary  for  1978  Remolded  Samples  Tested  at  a'jc  =  l.Oksc and  Kc=  1.5 


Consol- 

Assigned 

idated 

Nai 

Dry 

Dry 

X  Minus 

uses 

Depth 

Field 

Lab 

(blows/ 

Density 

Density 

#200 

DW 

Classifi- 

B 

Odp 

N5 

NIC 

Borehole 

(feet) 

Sample 

ID 

foot) 

_iicf) 

(psf) 

Sieve 

(™) 

cation 

Value 

(cycles) 

(cycles) 

PS-3    8-440BC 


12    0.30    SM-SP 


PS-3     8-440BC 


TAS-ID*         20       PS-4    8-441C 
TAS-IE*         17       PS-3     8-449C 


12 

0.30 

SM-SP 

- 

0.50 

' 

12 

0.30 

SM-SP 

- 

0.41 

55 

17 

0.22 

SM 

- 

0.53 

21 

12 

0.31 

SM-SP 

0.54 

17 

lOZ  strain  -extrapolated 


Table  35.  Cyclic  Triaxial  Test  Summary  for  1978  Remolded  Samples  Tested  at  o'ic  =  i-Oksc  and  ATc  =  1  0 


Borehole 

Depth 
(feet) 

Field 
Sample 

Lab 
ID 

Assigned 

Nai 

(blows/ 
foot) 

Dry 
Density 
(pcf) 

Consol- 
idated 

Dry 
Density 
(psf) 

Z  Minus 
*200 
Sieve 

D50 
(nm) 

uses 

Classifi- 
cation 

B 
Value 

(KSC) 

N5 
(cycle.) 

NIC 
(cycles 

TAS-ID 

17 

PS-3 

8-440BC 

85.7 

90.6 

12 

0.30 

SM-SP 

- 

1.17 

7.5 

8.5 

TAS-ID** 

17 

PS-3 

8-440BC 

- 

- 

12 

0.30 

SM-SP 

- 

1.42 

B 

9 

TAS-ID 

17 

PS-3 

8-440C 

89.2 

93.7 

12 

0.30 

SM-SW 

- 

1.00 

18 

20 

TAS-1** 

17 

PS-2 

8-448C 

- 

89.3 

100.0 

18 

0.27 

SM 

- 

1.30 

46 

49 

TAS-2J 

30 

PS-9 

8-356C 

TAS-2J* 

30 

PS-9 

8-356C 

TAS-2J 

30 

PS-9 

8-356C 

TAS-2J** 

30 

PS-9 

8-356C1 

TAS-2J** 

30 

PS-9 

8-356C-2 

TAS-2J** 

30 

PS-9 

8-356C-3 

TAS-2J 

32 

PS-10 

8-357C 

TAS-2J 

32 

PS-10 

8-357C 

TAS72J  * 

32 

PS-10 

8-357C 

TAS-2J  * 

32 

PS-10 

8-357C 

*  lOX  s 

trapolated 

**  intervals  of 

induced  eye 

lie  stress 

93.8 
94.9 
95.3 
93.9 


0.71 

SP 

0.71 

SP 

0.71 

SP 

0.71 

SP 

0.71 

SP 

0.71 

SP 

0.39 

SP 

0.39 

SP 

0.39 

SP 

0.39 

SP 

245 


Table  36.  Cyclic  Triaxial  Test  Summary  for  1978  Remolded  Samples  Tested  at  a'^c  =  10^.ycand  A^c  =  1-5 


Field 
Sample 


(blows/ 
I  foot) 


Dry 
Density 
(pcf) 


Consol- 
idated 

Dry 
Density 
(psf) 


X   Minus 
#200    D50 
Sieve  |  (mm) 


TAS-ID 
TAB- ID 
TAS-ID 
TAS-IE 


PS-3 

8-440BC 

- 

87.2 

93.8 

12 

0.30 

SM-SP 

1.20 

9 

PS-4 

8-44 IC 

- 

72.6 

78.7 

17 

0.22 

SH 

- 

1.23 

12 

PS-4 

8-441C 

- 

74.0 

84.1 

17 

0.22 

SM 

- 

1.56 

3 

PS-3 

8-449C 

- 

78.1 

81.4 

12 

0.31 

SM-SP 

- 

1.21 

17 

Table  37.  Cyclic  Triaxial  Test  Summary  for  1979-80  Undisturbed  Samples  Tested  at  o^c  =  O-Sksc and  Kc 


Consol- 

Assigned 

idated 

•*A1 

Dry 

Dry 

Z  Minus 

uses 

Depth 

Field 

Ub 

(blows/ 

Density 

Density 

#200 

Din 

Classifi- 

B 

(KS?) 

N5 

NIO 

Borehole 

(feet) 

Sample 

ID 

foot) 

(pcf) 

(psf) 

Sieve 

(mm) 

cation 

Value 

(cycles) :cycles) 

12.0-13.0       S-9 


Table  38.  Cyclic  Triaxial  Test 


for  1979-80  Undisturbed  Samples  Tested  at  o^c  =  l.Oksc and  AT^  =  1 .0 


Consol- 

 1 

Assigned 

idated 

"ai 

Dry 

Dry 

Z  Minus 

uses 

Depth 

Field 

Lab 

(blows/ 

Density 

Density 

#200 

DSO 

Classifi- 

B 

"dp 

N5 

NIC 

Borehole 

(foot) 

Sample 

ID 

foot) 

(pcf) 

(psf) 

Sieve 

cation 

Value 

(KSC) 

(cycle.) [cycles) 

79-351* 

13.3-14.5 

S-10 

79-349E 

- 

79-331* 

13.3-14.5 

S-10 

79-349D 

- 

79-361* 

9.1-10.0 

S-8 

79-754E 

~ 

*10%  stra 

in  extrapolated 

0.5 
0.4 
0.01 


0.95        1.14  5  13 

0.95       0.97  9  21 

0.95        1.22  65  lOCH- 


Table  39.  Cyclic  Triaxial  Test  Summary  for  1981-82  Undisturbed  Samples  Tested  at  o'ic  =  l.Oksc  and  Ac  =  1.0 


1 

Consol- 

Assigned 

idated 

Nai 

Dry 

Dry 

Z   Minus 

uses 

Depth 

Field 

Lab 

(blows/ 

Density 

Density 

#200 

D5n 

Classifi- 

B 

(KS?) 

N5 

NIO 

Borehole 

(feet) 

Sample 

ID 

foot) 

(pcf) 

(psf) 

Sieve 

cation 

Value 

(cycles) 

(cycles) 

81A-104PSA 

10.3-11.7 

^ 

738C 

88.9 

90 

0 

8 

0.32 

SP-SM 

0.80 

0.68 

81A-104PSA 

13.6-15.1 

739C 

24 

79.8 

81 

10 

0.30 

SM-SP 

0.86 

0.76 

**13. 6-15.1 

739B 

24 

80.0 

81 

16 

0.20 

SM 

? 

0.81 

81A-104PSA 

tl7.0-18.4 

740C 

24 

80.3 

81 

0.30 

SP 

0.95 

0.84 

+17.0-18.4 

740B 

24 

82.7 

82 

0.30 

SP-SM 

0.96 

0.92 

81A-104PSA- 

20.5-21.8 

741C 

26 

69.7 

70 

0.37 

SP-SM 

0.95 

0.80 

20.5-21.8 

741B 

25 

67.2 

68 

0.46 

SP-SM 

0.96 

0.86 

81A-104PSA 

24.0-25.3 

742C 

25 

75.3 

76 

0.37 

SP 

0.95 

0.92 

24.0-25.3 

742B 

26 

73.5 

73 

0.42 

SP 

0.94 

0.80 

Table  39.  Cyclic  Triaxial  Test  Summary  for  1981-82  Undisturbed  Samples  Tested  at  a'jc  =  lOjfe^cand  A'c  =  10 

(Continued) 


Consol- 

Assigned 

idated 

"ai 

Dry 

Dry 

X  Minus 

uses 

Depth 

Field 

Lab 

(blows/ 

Density 

Density 

#200 

D50 

Classifi- 

B 

(KSC) 

N5 

mo 

Borehole 

(feet) 

Sample 

ID 

foot) 

(pcf) 

(psf) 

Sieve 

(™.) 

cation 

Value 

(cycle.) 

(cycle.) 

81A-107PSA 

11.5-12.8 

11.5-12.8 

81A-107PSA 

15.0-15.5 

15.0-16.5 

81A-107PSA 

22.1-23.5 

22.1-23.5 

81A-107PSA 

25.5-26.6 

25.5-26.6 

81A-107PSB  til. 5-12. 7 

tll.5-12.7 

81A-107PSC 

25.8-26.9 

25.8-26.9 

81A-107PSP 

25.7-26.9 

25.7-26.9 

81A-107PSGt1-22. 1-23.4 

81A-165PSA 

13.6-14.9 

13.6-14.9 

81A-165PSA 

16.5-17.9 

16.5-17.9 

81A-165PSB 

13.6-14.7 

13.6-14.7 

81A-165PSB 

16.6-17.9 

16.6-17.9 

81A-165PSC 

13.4-14.9 

13.4-14.9 

81A-165PSC 

16.5-18.0 

31A-167PSA   15.8-17.3 


81A-167PSA 

19.0-20.5 

19.0-20.5 

81A-167PSA 

22.0-23.5 

81A-167-PSD 

19.0-22.4 

1146C 
1146B 
1147C 
1147B 
1149C 
1149B 
1150C 
11  SOB 
1267C 
1267B 
1617C 
1517B 
1625C 
1625B 
1628B 
734C 
734B 
73  5C 
735B 
736C 
736B 
737C 
737B 

1151C 
1151B 
1152C 
1152B 
87  50 
875B 
876C 
876B 
877C 
5230 
523B 


84.2 

85.9 

85.7 

86.5 

75.1 

75.8 

83.5 

85.2 

75.0 

75.9 

81.7 

82.1 

57.6 

68.7 

78.5 

80.4 

70.3 

74.1 

75.5 

78.8 

89.5 

89.8 

93.3 

94.1 

95.1 

95.9 

88.5 

89.0 

83.0 
85.8 
81.4 
84.1 
77.6 


69.2 
79.9 


83.7 
90.6 
73.0 
62.7 
53.7 


0.35 

SM- 

SP 

0.94 

0.69 

17 

20 

0.37 

SM 

0.95 

0.72 

30 

38 

0.35 

SM 

0.96 

0.50 

11 

17 

0.32 

SM 

0.95 

0.59 

23 

28 

0.29 

SM 

0.95 

0.77 

7 

0.29 

SM 

0.95 

0.83 

5 

0.^5 

SW- 

SM 

0.95 

0.90 

11 

0.52 

SM- 

SW 

0.95 

0.78 

10 

0.17 

SM 

0.95 

0.70 

31 

37 

0.19 

SM 

0.95 

0.97 

25 

29 

0.66 

SP 

0.95 

1.26 

2.5 

4 

0.72 

SP 

0.95 

1.11 

10.5 

0.70 

SP 

0.95 

1.18 

7 

0.50 

SP 

0.95 

1.29 

10 

- 

- 

0.95 

1.09 

43 

- 

0.15 

SM 

0.93 

0.72 

43 

48 

0.17 

SM 

0.95 

0.86 

100 

107 

0.22 

SM 

0.90 

0.71 

4 

5 

0.22 
0.15 


0.20 
0.15 


0.25 
0.29 
0.31 
0.22 
0.32 
0.29 
0.25 


0.95 

0.54 

0.95 

0.69 

0.95 

0.90 

0.97 

0.80 

0.95 

0.65 

0.95 

0.52 

0.96 

c  '■- 

0.95 

0.54 

0.96 

0.51 

0.95 

0.58 

0.96 

0.44 

0.95 

0.405 

0.95 

0.35 
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Table  39.  Cyclic  Triaxial  Test  Summary  for  1981-82  Undisturbed  Samples  Tested  at  (f^c  =  l.Okscand  Kc=  1.0 

(Continued) 


Consol- 

Assigned 

idated 

Nai 

Diy 

Dry 

i   Minus 

uses 

Depth 

Field 

Lab 

(blows/ 

Density 

Density 

#200 

D'in 

Classifi- 

B 

fdp 

N5 

NIC 

Borehole 

(feet) 

Sample 

ID 

foot) 

(pcf) 

(psf) 

Sieve 

cation 

Value 

(KSC) 

(cycles) 

(cycles) 

81A-180PSA     t8-l-9. 

t8.1-9. 

81A-180PSA        11.1-1 

11.1-1 


1635C 
1635B 
1636C 
1636B 


**  intervals  of  induced  cyclic  stress  pri 
■(  excessive  disturbance  due  to  sampling 
^     sample  tested  at  Caltrans  Laboratory 


91.1 
103.1 


91.6 

0.50 

SP-SM 

0.95 

0.81 

6 

9 

lOA.O 

0.69 

SP-SM 

0.95 

0.76 

88 

125+ 

100.0 

0.49 

SP-SM 

0.95 

1.02 

12 

21 

104.4 

0.50 

SP-SM 

0.90+ 

0.94 

30 

56 

ing  expe 

iments 

Table  40.  Cyclic  Triaxial  Test  Summary  for  1981-82  Undisturbed  Samples  Tested  at  o'^c  =  l.Oksc  and  Kc=  1.5 


Consol- 

Assigned 

idated 

Nai 

Dry 

Dry 

Z   Minus 

uses 

Depth 

Field 

Lab 

(blows/ 

Density 

Density 

#200 

D50 

Classifi- 

B 

(KS?) 

N5 

NIO 

Borehole 

(feet) 

Sample 

ID 

foot) 

(pcf) 

(psf) 

Sieve 

(■>«.) 

cation 

Value 

(cycle.) 

(cycle.) 

81A-107PSe 

11.6-12.8 

1613e 

27 

77.8 

11.6-12.8 

1613B 

27 

77.6 

81A-107PSD 

21.9-23.1 

1619e 

17 

85.1 

21.9-23.1 

1619B 

17 

70.0 

81A-107PSE 

15.0-16.4 

1630C 

12 

71.0 

15.0-16.4 

1630B 

12 

76.2 

81A-107PSF 

11.6-12.9 

162ie 

30 

65.9 

11.6-12.9 

1621B 

30 

61.8 

81A-107PSF 

22.1-23.4 

1624C 

23 

73.2 

22.1-23.4 

1624B 

23 

73.4 

81A-165PSD 

13.0-14.5 

1631C 

13 

82.6 

13.0-14.5 

1631B 

13 

81.8 

81A-165PSD 

17.0-18.5 

1632e 

11 

69.1 

17.0-18.5 

1632B 

11 

73.4 

81A-167-PSC 

19.0-20.4 

558B 

8 

59.6 

81A-167-PSF 

16.0-17.4 

976C 

7 

69.3 

16.0-17.4 

976B 

7 

75.3 

81A-167-PSF 

19.0-20.4 

977C 

8 

68.9 

19.0-20.4 

977B 

8 

70.8 

0.75 

SM 

0.95 

1.31 

0.29 

SM 

0.95 

0.94 

0.35 

SM- 

SP 

0.95 

1.09 

0.30 

SM- 

SP 

0.95 

1.03 

0.29 

SM 

0.96 

0.98 

0.31 

SM 

0.95 

0.91 

0.21 

SM 

0.95 

1.21 

0.17 

SM 

0.95 

1.21 

0.44 

SP- 

SM 

0.95 

1.08 

0.42 

SP- 

SM 

0.95 

1.17 

0.25 

SM 

0.95 

0.84 

0.17 

SM 

0.95 

- 

0.11 

SM 

0.11 

SM 

0.95+ 

0.77 

0.31 

SM 

0.95 

0.69 

0.19 

SM 

0.95 

0.61 

0.26 

SM 

0.95 

0.53 

0.23 

SM 

0.95 

0.55 

0.25 

SM 

0.95 

0.58 
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Table  41.  Cyclic  Triaxial  Test  Summary  for  1981-82  Undisturbed  Samples  Tested  at  cr'ac  =  2.5  kscandKc  =  1.0 


Consol- 

Assigned 

idated 

Dry 

Dry 

%  Minus 

uses 

Depth 

Field 

Lab 

(blows/ 

Density 

Density 

#200 

D^O 

Classifi- 

B 

(K^S?) 

N5 

NIO 

Borehole 

(feet) 

Sample 

ID 

foot) 

(pcf) 

(psf) 

Sieve 

cation 

Value 

(cycles) 

(cycle.) 

81A-107PSA   18.5-19.9 

18.5-19.9 
81A-107PSB  +8.0-9.4 
+8.0-9.4 
81A-107PSB  +15.1-16.3 
+15.1-16.3 
81A-107PSB  +22.2-23.0 
81A-107PSC   8.1-9.3 

8.1-9.3 
81A-107PSC   18.7-19.9 

18.7-19.9 
81A-107PSD   18.8-20.2 

18.8-20.2 

81A-107PSF   15.0-16.4 

15.0-16.4 
81A-107PSF  ++18. 5-19. 9 
81A-107PSG   15.2-16.4 

15.2-16.4 
81A-107PSG   18.4-19.8 

18.4-19.8 
81A-107PSG  ++22. 1-23.4 
81A-107PSG   25.5-26.9 

25.5-26.9 
81A-165PSE   16.3-17.6 

16.3-17.6 
81A-167PSB   16.1-17.5 

16.1-17.5 

81A-167PSE   16.0-17.3 

16.0-17.3 

81A-183PS    41.1-41.8 

81A-183PS    44.2-45.3 

44.2-45.3 

81A-183PSA   41.3-42.1 

81A-C380PSA  27.2-28.5 

27.2-28.5 


1148C 

16 

81.2 

84.0 

0.35 

SM-SP 

0.85 

0.91 

44 

1148B 

16 

83.4 

85.6 

0.40 

SM-SP 

0.95 

1.06 

29 

1266C 

27 

87.3 

93.2 

0.32 

SM-SP 

0.95 

1.39 

1266B 

27 

88.9 

96.4 

0.32 

SM-SP 

0.95 

1.52 

1268C 

32 

81.1 

83.2 

0.37 

SP-SM 

0.95 

1.25 

1268B 

32 

75.2 

77.1 

0.37 

SM-SP 

0.95 

1.45 

1269C 

23 

72.6 

76.9 

0.49 

SP-SM 

0.95 

1.25 

1512C 

31 

93.6 

96.1 

0.40 

SP-SM 

0.94 

1.47 

1612B 

31 

88.4 

89.5 

0.  38 

SP-SM 

0.95 

1.48 

1615C 

25 

69.0 

71.3 

0.  26 

SP-SM 

0.95 

1.32 

1615B 

25 

66.7 

68.1 

0.  19 

SM-SP 

0.95 

1.41 

1618C 

16 

73.2 

75.5 

0.  37 

SM-SP 

0.95 

1.30 

1613B 

16 

73.7 

75.3 

0.  38 

SM-SP 

0.95 

1.33 

1622C 

31 

73.1 

74.8 

0.44 

SP-SM 

0.95 

1.52 

1622B 
1623B 
1626C 

31 
20 
13 

73.7 
81.9 

75.3 

84.4 

0.33 
0.33 

SP-SM 

SM 

SM 

0.95 
0.95 
0.95 

1.53 
1.40 
1.05 

1625B 

13 

84.0 

86.3 

0.26 

SM 

0.95 

1.05 

1627C 

12 

69.2 

70.9 

0.31 

SM 

0.95 

1.22 

1627B 

12 

75.7 

77.2 

0.44 

SM 

0.95 

1.15 

1628C 

15 

SM 

0.95 

1.30 

1629C 

19 

68.2 

71.5 

0.40 

SP-SM 

0.95 

1.35 

1629B 

19 

75.1 

77.6 

0.42 

SP-SM 

0.95 

1.29 

1634C 

7 

73.2 

75.9 

0.18 

SM 

0.95 

0.98 

1634B 

7 

75.0 

79.7 

0.20 

SM 

0.95 

1.03 

13.5 

1271C 

11 

79.9 

82.7 

0.22 

SM 

0.95 

1.17 

1271B 

11 

82.4 

84.2 

0.22 

SM 

0.95 

1.05 

551C 

7 

79.6 

83.5 

0.25 

SM 

0.94 

1.02 

561B 

7 

82.8 

84.5 

0.25 

SM 

0.95 

1.03 

981C 

21 

86.7 

88.1 

0.33 

SM-SP 

0.95 

1.73 

982C 

27 

91.0 

92.9 

0.60 

SP 

0.95 

1.52 

982B 

27 

96.1 

97.1 

0.56 

SP 

0.95 

1.56 

9860 

21 

94.1 

91.3 

0.75 

SP-SM 

0.95 

1.34 

526C 

20 

108.6 

111.4 

CL 

0.95 

1.35 

526B 

20 

110.0 

112.0 

- 

CL 

0.92 

1.21 

(continued  on  next  page) 
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Table  41.  Cyclic  Triaxial  Test  Summary  for  1981-82  Undisturbed  Samples  Tested  at  a'ic  =  25  ksc  and  Kc=  1.0 

(Continued) 


Borehole 

Depth 
(feet) 

Field 
Sample 

Lab 

ID 

Assigned 

Nai 

(blows/ 
foot) 

Dry 
Density 
(pcf) 

Consol- 
idate.l 

Dry 
Density 
(psf) 

Z  Minus 
#200 
Sieve 

D50 
(■nm) 

uses 

Classifi- 
cation 

B 
Value 

(K^^ 

N5 
(cycles) 

NIO 
(cvcles) 

81A-C380PSA 

30.1-31.2 

2 

527C 

6 

82.1 

85.8 

73 

ML 

0.95 

1.25 

70 

75 

30.1-31.2 

2 

527B 

6 

91.1 

78 

- 

ML 

81A-C383PS 

17.4-28.5 

1 

528C 

35 

103.6 

107.6 

83 

- 

CL 

0.95 

1.52 

16 

25 

27.4-28.5 

1 

528B 

35 

105.0 

108.7 

84 

- 

CL 

0.92 

1.60 

4 

14 

81A-C383PS 

30.0-31.4 

2 

529C 

18 

95.9 

98.0 

51 

- 

CL 

0.95 

1.66 

3 

4 

30.0-31.4 

2 

529B 

18 

101.4 

104.3 

70 

- 

CL 

0.95 

1.62 

10 

13 

sted  at  Caltrans  Labor 


Table  42. 

Cyclic  Triaxial  Test  Summary  for  1981-82  Undisturbed  Samples  Tested  at  a'sc 

=  2. 5 ksc  and  Kc 

=  1.5 

Borehole 

Depth 
(feet) 

Field 
Sample 

Lab 
ID 

Assigned 

■^Al 
(blows/ 
foot) 

Consol- 
idated 
Dry              Dry 
Density     Density 
(pcf)          (psf) 

X  Minus 
#200 
Sieve 

D50 

uses 

Classifi- 
cation 

B 
Value 

(KS?) 

N5 
(cycles) 

NIO 
(cycle. 

81A-107PSB 

15.0-16.3 

1614C 

80.4 

15.0-16.3 

1614B 

58.7 

81A-107PSD 

25.5-26.9 

1620C 

90.6 

25.5-26.9 

1620B 

56.5 

81A-165PSE 

tl3. 1-14.4 

1633C 

81.2 

tl3. 1-14.4 

1633B 

83.9 

81A-167PSC 

16.1-17.4 

557C 

75.0 

16.1-17.4 

557B 

81.4 

81A-167PSC 

19.0-20.4 

558C 

65.9 

81A-167PSD 

15.4-17.3 

622C 

70.7 

15.9-17.3 

622B 

79.2 

81A-183PS 

32.0-33.2 

979C 

82.3 

32.0-33.2 

979B 

84.6 

81A-183PS 

3  5.4-36.4 

980C 

89.7 

35.4-36.4 

980B 

93.9 

81A-183PSA 

32.0-33.3 

983C 

83.1 

32.0-33.3 

983B 

89.3 

81A-183PSA 

35.3-36.4 

984C 

87.8 

35.3-36.4 

984B 

93.2 

81A-183PSA 

38.2-39.4 

985C 

87.0 

38.2-39.4 

985B 

91.8 

81A-i83PSA 

44.3-45.1 

987C 

90.4 

0.45 

SP-SM 

0.95 

1.94 

0.31 

SM-SP 

0.95 

1.93 

o.« 

SP-SM 

0.95 

1.86 

0.57 

SP-SM 

0.95 

1.89 

0.18 

SM 

- 

0.60 

SM 

_ 

0.28 

SM 

0.95 

1.13 

0.19 

SM 

0.95 

1.12 

0.27 

SM 

0.95 

1.05 

0.60 

SP 

0.95 

1.91 

0.25 

SM- 

SP 

0.95 

1.85 

0.36 

SP 

0.95 

1.75 

0.30 

SP- 

SM 

0.9.5 

1.66 

0.17 

SP 

0.90 

1.79 

0.22 

SP 

0.93 

1.83 

0.55 

SP 

0.95+ 

1.69 

0.50. 

SP- 

SM 

0.95 

1.59 

0.47 

SP 

0.95 

1.78 

0.57 

SP 

0.95 

1.82 

0.35 

SP 

0.95 

1.71 
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ADDENDUM  F 

TRIAL  FAILURE  SURFACES  GENERATED 

FOR  SLOPE  STABILITY  ANALYSES 

Addendum  F  presents  the  coverage  of  trial  surfaces  generated  for  the  wedge  analyses  of  post-seismic  slope  stabUity. 
Shown  in  the  following  three  figures  (189-191)  are  typical  trial  surface  coverages  for  the  three  models  analyzed.  Analyses 
shown  are  for  the  following  conditions: 

1.  Reservoir  Elevation  =  136.5  feet; 

2.  Downstream  sliding 

3.  Pore  Pressures  in  sand  layer  redistributed  over  twice  the  toe-to-toe  distance  (Section  10) 

Each  figure  displays  between  11  to  18  faUure  surfaces  with  the  base  of  each  wedge  forced  through  the  suspect  sand  layer. 
Each  surface  shown  is  actually  the  critical  surface  of  approximately  50  surfaces  generated  in  the  immediate  area.  There- 
fore, the  most  critical  surface  (shown  as  an  asterisked  line)  gives  the  lowest  safety  factor  from  between  500  to  900  surfaces 
generated. 


t 


REDISTRIBUTED    PORE   PRESSURE   IN  SAND   LAYER  ^ 
(Averaged  over  twice  the  toe-to-toe  length)     Elev.  147' 
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1.  REDISTRIBUTED    PORE    PRESSURE   WAS  APPLIED   ONLY   IN    SOIL    TYPE   HI. 

ALL    OTHER    PORE    PRESSURES   WERE    BASED    ON    VERTICAL    EOUIPOTENTIALS 
FROM    THE    PHREATIC    LINE 

2.  FACTORS    OF    SAFETY  (FS)  _BY    PROSRAM    STABL   -    CARTER'S    METHQB 


Figure  189.  Trial  Failure  Surfaces  Generated  for  Station  107 
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REDISTRIBUTED    PORE   PRESSURE   IN  SAND   LAYER 
(Averaged  over  twice  the  toe-to-toe  length)     Elev.   141.5' 
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1.  REDISTRIBUTED    PORE   PRESSURE  WAS  APPLIED  ONLY  IN   SOIL   TYPE   m. 

ALL    OTHER    PORE   PRESSURES  WERE    BASED   ON   VERTICAL   EOUIPOTENTIALS 
FROM    THE    PHREATIC    LINE 

2.  FACTORS    OF    SAFETY  (FS)    BY  PROGRAM    STABL  -   CARTER'S    METHOD 


Figure  . 


Trial  Failure  Surfaces  Generated  for  Station  165 


REDISTRIBUTED    PORE   PRESSURE   IN   SILTY    SAND   \.AYER 
(Averaged  over  twice  the  toe-to-toe  length)     Elev.  145 
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1.  REDISTRIBUTED    PORE   PRESSURE  WAS  APPLIED  ONLY  IN    SOIL   TYPE   m. 

ALL    OTHER    PORE    PRESSURES   WERE    BASED   ON   VERTICAL   EOUIPOTENTIALS 
FROM    THE    PHREATIC    LINE 

2.  FACTORS    OF    SAFETY  (FS)    BY   PROGRAM    STABL   -    CARTER'S    METHOD 
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Figure  191.  Trial  Failure  Surfaces  Generated  for  Station  347 
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CHAPTER  IV 

THERMALITO  AFTERBAY  DAM  CONCRETE  STRUCTURES 

SEISMIC    EVALUATION 


Introduction 

General  Discussion 

As  a  result  of  the  August  1975  earthquake,  the  Depart- 
ment of  Water  Resources  (DWR)  decided  to  re-analyze 
the  major  structures  of  the  Oroville  complex,  using  the 
latest  state-of-the-art  dynamic  analysis  with  the 
reanalysis  earthquake  described  in  Bulletin  203-78, 
Chapter  V,  Section  6*.  After  a  general  re-evaluation, 
DWR  also  decided  to  re-examine  noncritical  struc- 
tures—the Western  Canal  and  Richvale  Irrigation  Dis- 
trict Outlets,  PGandE  Lateral,  Sutter  Butte  Outlet,  and 
Thermalito  River  Outlet— along  Thermalito  Afterbay 
Dam  (See  Figure  4,  Chapter  II)  using  a  pseudostatic 
analysis  with  lateral  loads  generated  by  the  reanalysis 
earthquake. 

The  Department  assumed  that  the  most  damaging  earth- 
quake motion  would  originate  from  the  Cleveland  Hills 
Fault,  which  is  about  9  miles  from  the  afterbay  structures. 
The  embankment  was  therefore  re-analyzed  on  the  basis 
of  three  earthquake  motions  (see  Figure  97,  Chapter  IE) 
originating  from  earthquakes  of  magnitude  similar  to  the 
reanalysis  earthquake,  i.e.,  6.5  on  the  Richter  scale. 
These  three  motions  were  recorded  at  sites  10  to  22  miles 
from  the  energy  source. 

All  three  motions  were  scaled  to  a  peak  acceleration  of 
0.35g  and  were  limited  to  the  first  20  seconds  to  keep  the 
duration  consistent  with  the  Oroville  Reanalysis  Earth- 
quake. To  select  a  reanalysis  lateral  inertial  force  coeffi- 
cient for  application  to  the  concrete  structures  under 
combined  earthquake  and  gravity  loads,  all  three  times 
histories  were  carefully  examined;  consequently,  a  uni- 


form coefficient  of  0.3  was  selected.  This  is  equivalent  to  a 
constant  horizontal  acceleration  of  0.3g. 

All  structures  were  analyzed  in  two  ways,  i.e.,  using  hori- 
zontal ground  accelerations  perpendicular  to  the  water 
flow,  and  parallel  to  the  water  flow.  The  ground  motion 
perpendicular  to  the  water  flow  produced  the  highest  ten- 
sile rebar  stresses.  The  motion  parallel  to  the  water  flow 
produced  rebar  stresses  well  below  the  yield  stress  and 
therefore  is  not  considered  a  problem.  Compressive  con- 
crete stresses  obtained  were  well  within  the  design  crite- 
ria set  by  DWR  and  the  special  consulting  board.  Al- 
though the  stresses  obtained  in  the  analysis  are  based  on 
theoretical  criteria,  they  are  expected  to  be  the  highest 
that  would  be  experienced  during  the  earthquake  postu- 
lated. The  structures  were  also  checked  for  sliding  and 
were  found  to  be  safe  in  that  respect. 

Because  sand  layers  were  found  in  the  afterbay  area,  the 
Department  also  investigated  the  possibility  of  liquefac- 
tion in  the  Thermalito  Afterbay  Dam  foundation  soils, 
caused  by  seismic  ground  vibrations.  Boreholes  were 
drilled  along  the  toe  on  both  sides  of  each  concrete  struc- 
ture. The  lowest  normalized  (to  one-ton-per-square- 
foot  overburden)  standard  penetration  test  blowcount  in 
these  boreholes  was  20  in  a  sUty  soil  and  24  in  a  sandy  soil. 
Based  on  an  analysis  presented  in  Chapter  11,  these  soils 
would  not  develop  significant  excess  pore  water  pressure 
during  the  earthquake  postulated.  The  bore  holes  are  be- 
lieved to  be  representative  of  the  foundation  soil  under 
the  structures,  in  which  case,  foundation  liquefaction  is 
not  a  problem. 

Note:  Curves  on  Figures  196, 203,  and  207  should  not  be 
extrapolated.  If  it  is  desired  to  make  an  investigation  for 
lateral  forces  greater  than  0.3,  a  separate  study  should  be 
conducted. 


•DWR  Bulletin  203-78,  The  August  1,  1975  Oroville  Earthquake  Investigations,  Februaiy  1975 


Original  Seismic  Design 

The  original  seismic  design  of  the  noncritical  structures 
was  based  on  a  pseudo-static  analysis  using  a  O.lg  uni- 
form seismic  acceleration  combined  with  normal  static 
loads.  The  hydrodynamic  loads  were  determined  by  the 
Westergaard  formula. 

Western  Canal  and  Richvale 
Irrigation  District  Outlets 

Description  and  Past  Performance 

Each  of  these  facilities  (Figures  192  and  193)  consists  of  a 
headworks  structure  with  control  gates;  the  Western  Ca- 
nal outlet  has  five  96-inch-diameter  conduits;  the  Rich- 


vale  outlet  has  three  72-inch-diameter  conduits.  The  fa- 
cilities rest  on  a  concrete  slab  base  on  a  foundation  of 
compact  silt  and  silty  sand.  Each  conduit  is  equipped  with 
a  slide  gate  at  the  upstream  end  to  control  flows  and  a 
Dall  flow  tube  to  measure  the  flows.  The  headworks 
structures  are  approximately  40  feet  high.  Both  struc- 
tures are  built  into  the  afterbay  embankment. 

An  inspection  of  both  structures  following  the  August  1, 
1975  earthquake  revealed  no  damage. 

Failure  Evaluation 

Collapse  of  the  outlet  structures  could  result  in  some 
property  damage,  danger  to  motorists  on  Highway  99, 
which  adjoins  the  afterbay  dam,  and  some  disruption  to 
project  operation. 


Figure  192.  Western  Canal  and  Richvale  Canal  Outlet 
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Figure  193.  Western  Canal  and  Richvale  Canal  Oudels— Isometric  View 


Seismic  Reanalysis 

Both  structures  were  checked  using  the  reanalysis  lateral 
inertial  force  coefficient  of  0.3  (see  "Introduction")  com- 
bined with  static  loads.  Rebar  tensile  stresses  at  different 
points  in  the  structures  were  well  within  the  established 
design  criteria,  except  for  a  small  area  near  the  upstream 
end  of  the  headworks  end  walls  (Elevation  134.6  feet), 
where  horizontal  stresses  reached  40  ksi.  Figures  194  and 
195  show  these  values  with  the  earthquake  acceleration 
perpendicular  to  the  water  flow. 


Besides  checking  the  end  walls  for  the  lateral  inertial- 
force  coefficient  of  0.3  above,  DWR  also  analyzed  them 
using  coefficients  of  0.1  and  0.2.  Figure  196  shows  a  plot 
of  the  resulting  peak  horizontal  rebar  tensile  stresses  at 
Elevation  134.6  feet.  Vertical  rebar  stresses  are  similar 
and  therefore  are  not  shown. 

On  the  basis  of  this  analysis,  both  structures  are  consid- 
ered safe. 
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Figure  195.  Horizontal  Tensile  Stresses 
(in  ksi)  in  the  Reinforcing  Sted,  Gen- 
erated by  the  Reanafysis  Earthquake 
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Figure  196.  Peak  Horizontal  Tensile  Stresses  at  Elevation  134.6  in  the 

Reinforcing  Steel  Generated  by  Various  Lateral  Force  Coefficients 

Combined  with  Static  Loads 
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PG  and  E  Lateral 

Description  and  Past  Performance 

The  PGandE  Lateral  (Figures  197  and  198)  consists  of  a 
30-inch-dianieter  conduit,  a  small  intake  training  struc- 
ture with  provisions  for  bulkheading,  a  wetwall  upstream 
of  the  dam  axis  containing  a  30-inch-square  slide  gate  for 
control  and  an  outlet  stilling  box  with  a  weir  for  measuring 
flow. 


An  inspection  of  the  structure  after  the  August  1,  1975 
earthquake  revealed  no  damage. 


Seismic  Reanalysis 


Collapse  of  the  PG  and  E  Lateral  would  result  in  minor 
damage,  and  only  minor  disruption  to  project  operations. 
Therefore,   no  additional   analysis  was  performed. 
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Figure  197.  Pacific  Gas  and  Electric  Company  OuOel 
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Figure  198.  Pacific  Gas  and  Electric  Company  Oudet,  Isometric  View 


Sutter  Butte  Outlet 

Description  and  Past  Performance 

The  Sutter  Butte  Outlet  (Figures  199  and  200)  consists  of 
four  7-foot-wide  by  6-foot-high  rectangular  conduits 
founded  on  a  concrete  base  slab,  slide  gates  for  control,  a 
headwall  with  provisions  for  bulkheading,  and  an  outlet 
channel  approximately  1,200  feet  long,  connecting  to  the 
existing  Sutter  Butte  Canal.  The  concrete  slab  overlies  a 
2-foot-thick  drain  blanket.  Flow  is  measured  by  a  weir  lo- 
cated about  400  feet  downstream  of  the  conduit  outlet. 
The  gate  structure  is  about  40  feet  high.  The  foundation 
for  this  structure  consists  of  compact  clayey  silt  and  fine 
sandy  silt. 

This  structure  was  inspected  after  the  August  1,  1975 
earthquake;  no  damage  was  found. 

Failure  Evaluation 

A  review  of  the  consequences  of  total  failure  of  this  struc- 
ture indicates  little  property  damage,  danger  to  motorists 
along  the  highway  near  the  structure,  and  a  possibility  of 
some  disruption  in  project  operation. 


Seismic  Reanalysis 

This  structure  was  investigated  using  the  reemalysis  lat- 
eral force  coefficient  of  0.3  combined  with  static  loads. 
Rebar  tensile  stresses  obtained  at  different  locations  in 
the  structure  were  within  the  established  design  criteria. 
Figures  201  and  202  show  expected  vertical  and  horizon- 
tal tensile  rebar  stresses  in  the  end  walls,  which  are  the 
members  where  higher  stresses  occurred  with  the  earth- 
quake acceleration  perpendicular  to  the  water  flow. 

Besides  checking  these  walls  for  the  lateral  inertial  force 
coefficient  of  0.3,  as  above,  DWR  also  analyzed  them  us- 
ing coefficients  of  0.1  and  0.2.  Figure  203  shows  a  plot  of 
the  resulting  peak  vertical  rebar  tensile  stresses  at  Eleva- 
tion 1 18.45  feet.  Horizontal  rebar  stresses  are  smaller  and 
therefore  are  not  shown.  On  the  basis  of  this  analysis,  this 
structure  is  considered  safe. 

Afterbay  River  Outlet 

Description  and  Past  Performance 

The  River  Outlet  (Figures  204  and  205)  is  situated  in  the 
southeast  comer  of  the  afterbay  (Figure  4,  Chapter  11).  It 
consists  of  a  headworks  structure,  800  feet  of  trapezoidal 
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channel,  with  31-foot-high  training  dikes,  and  a  fish  bar- 
rier weir.  Before  construction,  the  site  of  the  headworks, 
channel,  and  weir  was  excavated  to  existing  gravels,  and 
then  backfilled  with  well-graded  gravels. 


The  headworks  structure  breaches  the  dam  embankment. 
It  consists  of  five  14-foot-square  top-seal  radial  gates,  a 
concrete  breast  wall,  counterfort  side  walls,  approach 
walls,  and  outlet  walls.  The  radial  gates  are  separated  by 
4.5-foot  piers.  A  service  bridge  spans  the  structure  over 
the  gates,  and  a  county  bridge  crosses  the  downstream 
part  of  the  structure. 


The  channel  outlet  is  an  unlined  trapezoidal  section  be- 
tween the  headworks  and  the  fish  barrier. 


The  fish  barrier  is  a  12-foot-high  concrete  gravity  ogee- 
shaped  weir  approximately  168  feet  long.  The  structure 
includes  a  service  bridge.  The  channel  is  paved  for  130 
feet  downstream  of  the  weir.  Sheet  pile  cutoffs  are  placed 
upstream  of  the  weir  and  at  the  downstream  end  of  the 
paved  channel. 

An  inspection  of  the  concrete  structures  after  the  August 
1,  1975  earthquake  revealed  no  damage.  The  unlined 
channel  training  dikes  suffered  minor  surface  cracking 
but  no  structural  failure. 

Failure  Evaluation. 

Complete  structural  failure  of  the  headworks  and  fish 
barrier  structures  could  cause  temporary  disruption  in  the 
project  operations  but  should  cause  no  property  damage; 


Figure  199.    Sutter-Butte  Oudet 


259 


Figure  200.  Sutter  Butte  Outlet,  Isometric  View 
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Reinforcing  Steel — Generated  by  the  Reanafysis  Earthquake 


Figure  202.  Horizontal  Tensile  Stresses  (in  ksi)  in  the 
Reinforcing  Steel —  Generated  by  the  Reanafysis  Earthquake 
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Figure  204.  River  Outlet 
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Figure  205.  River  Outlet  Headworks  and  Fish  Barrier  Weir,  Isometric  View 
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Figure  206.  Reinforcing  Steel  Tensile  Stress  Generated 
by  the  Reanalysis  Earthquake 
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Generated  by  Various  Lateral  Force  Coefficients  Combined  with  Static  Loads 


however,  this  type  of  failure  could  result  in  the  release  of 
a  surge  of  water,  endangering  fishermen  or  others  in  or 
near  the  river. 

Collapse  of  the  training  dikes  alone  would  cause  no  prop- 
erty damage  or  disruption  of  project  operations. 

Seismic  Reanalysis 

The  headworks  structure  was  investigated,  applying  the 
same  criteria  used  in  reanalysis  of  the  other  structures  de- 
scribed in  this  chapter.  The  highest  rebar  tensile  stresses 
encountered  were  in  the  counterfort  walls  located  at 
either  side  of  the  radial  gate  complex.  Figure  206  shows  a 
cross  section  of  these  walls  with  rebar  tensile  stresses  at 
different  elevations  for  a  lateral  force  coefficient  of  0.3 
combined  with  gravity  loads. 

The  highest  tensile  stress  found  (42  ksi)  was  at  Elevation 
120  feet,  where  half  of  the  vertical  reinforcement  is  dis- 
continued. This  stress  is  slightly  higher  than  the  maximum 


allowable  tensile  stress,  but  considering  the  transitory  na- 
ture of  the  loading,  it  should  not  affect  the  integrity  of  the 
structure. 

Figure  207  shows  a  plot  of  the  highest  rebar  stresses  re- 
sulting from  earthquake  and  gravity  loads  in  the  counter- 
forts at  Elevation  120  feet  versus  various  lateral  force  co- 
efficients. Except  for  the  value  shown  opposite  the  lateral 
coefficient  of  0.3,  stresses  shown  were  extrapolated  from 
other  values  obtained  at  a  different  counterfort  wall  ele- 
vation. 

On  the  basis  of  this  analysis,  this  structure  is  considered 
safe. 

Conclusion. 

Based  on  the  present  earthquake  criteria  and  results  from 
the  analyses  performed,  the  four  Thermalito  Afterbay 
concrete  structures  are  considered  safe  when  subjected  to 
the  reanalysis  earthquake. 


CHAPTER  V 
SEISMIC  EVALUATION  OF  THERMALITO  FOREBAY  DAM 

1.  EXECUTIVE  SUMMARY 


Conclusions 

1.  The  cyclic  and  residual  strengths  of  the  foundation 
sands  are  higher  than  the  values  used  in  preliminaiy 
studies  performed  between  1976  and  1984. 

2.  The  stability  of  the  dam  is  satisfactory  for  the  maxi- 
mum earthquake  shaking  anticipated.  Only  minor 
cracking  and  minor  movements  are  predicted  for  the 
postulated  shaking. 

3.  From  a  seismic  safety  standpoint,  it  is  safe  to  continue 
full  use  of  the  reservoir. 

Background 

On  August  1, 1975,  a  moderate  earthquake  occurred  near 
Oroville,  California.  This  earthquake  had  a  Richter  mag- 
nitude of  5.7  and  occurred  along  the  Cleveland  Hill 
Fault.  Following  the  earthquake,  the  Department  of 
Water  Resources,  along  with  their  Special  Consulting 
Board,  decided  to  re-evaluate  the  seismic  stability  of  all 
critical  Oroville  Project  structures.  This  re-evaluation 
employed  much  stronger  earthquake  shaking  than  con- 
sidered during  design.  Thermalito  Forebay  Dam  is  one  of 
these  critical  structures. 

Thermalito  Forebay  Dam  was  designed  in  the  early  1960's 
using  standard  practices  of  the  time.  Earthquake  effects 
were  considered  in  the  static  slope  stability  analyses  by 
utilizing  a  O.lg  horizontal  acceleration.  Shallow  and  deep 
failure  surfaces  in  the  embankment  and  foundations  were 
considered  for  several  reservoir  levels.  Since  no  drainage 
would  occur  during  the  earthquake,  consolidated,  un- 
drained  strengths  were  used.  The  minimum  safety  factor 


was  1.1  for  the  downstream  slope  for  both  shallow  and 
deep  circles. 

The  embankment  and  adjacent  concrete  structures  per- 
formed well  in  all  the  shocks  of  the  1975  Oroville  Earth- 
quake sequence.  Inspection  of  the  dam  showed  only  two 
minor  cracks  near  the  crest  of  the  Low  Dam  at  Station 
123  +  00. 

Although  the  embankment  withstood  the  1975  earth- 
quake, a  new  seismic  evaluation  was  considered  neces- 
sary. The  1975  Oroville  Earthquake  revealed  active 
faults  that  were  closer  than  those  which  had  been  consid- 
ered in  design.  Also,  since  the  early  1960's,  new  tech- 
niques had  been  developed  for  seismic  evaluations. 
Therefore,  this  investigation  was  undertaken  to  deter- 
mine the  behavior  of  Thermalito  Forebay  Dam  during  a 
postulated  future  6.5  magnitude  earthquake. 

Concept  of  Investigation 

A  basic  assumption  made  for  the  study  was  that,  given  a 
competent  foundation,  the  compacted  silty,  gravelly, 
ciayey  sand  embankment  and  the  dense  clay  to  clayey 
sand  surface  layer  of  the  foundation  would  perform  satis- 
factorily during  a  magnitude  6.5  earthquake.  This  as- 
sumption was  based  on  findings  by  Seed,  Makdisi  and 
DeAIba  (1977)  on  the  historical  performance  of  dams 
subjected  to  strong  earthquake  motions. 

The  main  mode  of  possible  failure  was  assumed  to  be  em- 
bankment slides  through  loose  foundation  sands  or  silts 
which  had  liquefied  during  the  postulated  earthquake. 
Therefore,  the  investigation  centered  on  locating  any 
loose  sand  and  silt  layers  in  the  foundation,  assessing  their 
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liquefaction  potential,  and  evaluating  the  effects  of  foun- 
dation liquefaction  on  the  stability  of  the  embankment. 

Liquefaction  potential  of  sand  layers  was  estimated  by 
comparing  cyclic  strength  with  earthquake-induced  cyclic 
stress.  Values  of  cyclic  loading  resistance  were  deter- 
mined by  using  recent  correlations  between  Standard 
Penetration  Test  (SPT)  resistance  and  field  behavior  of 
soils  during  earthquakes.  The  results  of  cyclic  triaxial 
tests  were  used  to  modify  the  correlated  SPT  strengths 
for  different  consolidation  stress  conditions.  Earth- 
quake-induced cyclic  stresses  were  determined  by  dy- 
namic response  analyses  using  adopted  earthquake  mo- 
tions. 

To  evaluate  embankment  stability  following  the  earth- 
quake, post-earthquake  slope  stability  analyses  were  per- 
formed. These  analyses  employed  reduced  and/or  resid- 
ual shear  strengths  for  the  different  soil  materials  in  order 
to  account  for  the  effects  of  shaking. 

In  addition,  a  limited  number  of  simplified  analyses  were 
performed  to  evaluate  the  performance  of  the  two  con- 
crete wingwall  dams  connected  to  the  power  plant  head- 
works  structure.  These  analyses  consisted  of  calculating 
sliding  stability  for  pseudodynamic  loading.  Further- 
more, simplified  dynamic  stress  analyses  were  performed 
in  order  to  determine  the  potential  for  excessive  tensile 
stresses  and  cracking  to  develop  within  the  concrete 
dams. 


borings  were  drilled  along  the  toe  of  the  dam  to  measure 
shear  wave  velocities,  determme  SPT  resistance,  and  ob- 
tain undisturbed  samples  of  the  sancfy  soil.  Special  atten- 
tion was  given  to  sample  handling  and  cyclic  triaxial  test- 
ing of  these  sand  samples.  Borings  were  also  drilled 
through  the  dam  crest  in  order  to  determine  the  extent  of 
the  sand  layers  beneath  the  dam. 

Earthquake-induced  cyclic  stresses  were  predicted  using 
one-dimensional  dynamic  response  analyses.  As  recom- 
mended by  the  consulting  board,  the  earthquake  loading 
consisted  of  an  acceleration  time  history  formally  titled 
the  Oroville  Reanalysis  Earthquake  (a^ax  =  0.6g).  To 
model  the  stiffness  of  the  foundation,  the  moduli  deter- 
mined from  shear  wave  velocity  tests  were  used  in  the  up- 
per 50  feet  of  the  foundation  profile  and  assumed  values 
were  used  for  greater  depths. 

The  results  of  the  evaluation  indicated  the  possibility  of 
liquefaction  at  the  Main  Dam.  However,  further  consid- 
eration of  probable  fault  capabilities  led  to  the  judgment 
that  the  Oroville  Reanalysis  Earthquake  was  inappropri- 
ate for  the  analysis.  It  was  also  decided  that  more  infor- 
mation on  the  foundation  was  required  before  a  final  de- 
termination of  appropriate  earthquake  ground  motions 
could  be  made,  and  that  a  more  thorough  investigation 
along  the  full  length  of  the  dam  was  necessary  to  deter- 
mine all  locations  with  loose  foundation  sands. 

1979-1980 


Chronological  Summary  of  the  Investigation 

1976 

The  initial  investigation  was  performed  in  1976  and  con- 
sisted of  five  borings  along  the  3  mile  length  of  the  dam. 
Within  these  borings,  a  few  scattered  SPT  tests,  were  per- 
formed and  a  few  samples  were  obtained  using  the  DWR 
thick-walled  sampler.  A  limited  number  of  cyclic  triaxial 
tests  were  conducted  on  specimens  prepared  from  these 
samples. 

1978 

The  next  phase  of  the  investigation  was  conducted  in  1978 
and  was  targeted  at  identified  foundation  sand  layers  at 
the  Main  Dam  and  at  Station  82  of  the  Low  Dam.  Several 


This  phase  of  the  investigation  was  conducted  primarily  to 
better  define  foundation  conditions.  A  500-foot-deep 
boring  at  the  Main  Dam  was  drilled  to  determine  the  type 
of  foundation  soUs  and  depth  to  rock.  Shear  wave  velocity 
tests  were  performed  in  this  boring  to  define  shear  moduli 
to  a  300-foot  depth.  Several  borings  with  SPT  tests  were 
drilled  to  define  the  extent  of  low  blowcount  sands  be- 
tween the  toe  of  the  Main  Dam  and  the  tail  channel.  SPT 
borings  were  also  spaced  1,000  feet  apart  along  the  full 
length  of  the  Low  Dam  to  locate  any  other  sites  with  low 
blowcounts.  Several  hand  carved  samples  were  obtained 
at  the  Main  Dam  (Tail  Channel  Cut  Slope)  to  determine 
the  cyclic  triaxial  strength  in  the  laboratory. 

Evaluation  of  cyclic  stresses  utilized  three  earthquake 
motions:  Modified  Federal  Building  (Eureka,  1954), 
Modified  Hollywood  Storage  Building  (San  Fernando, 
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1971),  and  Modified  McCabe  School  (Imperial  Valley, 
1979).  Each  was  scaled  to  a  maximum  acceleration  of 
0.4g.  This  peak  acceleration  value  was  lower  than  the 
0.6g  value  used  in  previous  analyses  in  order  to  account 
for  the  fact  that  Thermalito  Forebay  Dam  is  further  from 
the  Cleveland  Hill  Fault  than  is  Oroville  Dam. 

The  conclusion  at  the  end  of  this  phase  was  that  the  seis- 
mic stability  of  the  dam  would  be  satisfactory.  However, 
the  Consulting  Board  recommended  that  the  relationship 
between  SPT  blowcount  and  cyclic  loading  resistance  be 
better  defined,  and  that  the  extent  of  loose  foundation 
sand  layers  along  the  dam  be  determined. 

1981-1984 

SPT  borings  were  drilled  along  the  toe  of  the  Main  Dam 
at  100-foot  spacings  to  define  the  areal  extent  of  the  low 
blowcount  sands.  Additional  SPT  borings  were  drilled 
through  the  crest  of  the  Main  Dam  between  Stations  9 
and  12.  Bag  samples  were  obtained  for  every  SPT  test  to 
determine  the  soil  classifications.  SPT  borings  were  also 
used  to  identify  areas  to  obtain  undisturbed  piston  sam- 
ples of  soil  representing  specific  SPT  blowcounts. 

Along  the  toe  of  the  Low  Dam,  SPT  borings  were  spaced 
at  250-foot  intervals  to  locate  and  define  the  extent  of 
loose  foundation  sands.  Piston  samples  were  obtained  for 
cyclic  strength  testing  in  the  laboratory.  Classification 
tests  were  run  on  both  SPT  and  piston  samples. 

Two  critical  sites,  Station  10-11  (Main  Dam)  and  Station 
112  (Low  Dam)  areas,  were  explored  in  detail.  These  two 
sites  were  considered  to  have  the  worst  conditions  (lowest 
SPT  blowcounts)  along  the  Forebay  Dam.  In  addition  to 
the  previously  mentioned  explorations,  undisturbed  sam- 
ples of  the  clayey  embankment  and  surface  cap  soils  were 
obtained  at  these  two  sites  and  used  for  static  and  Q'clic 
triaxial  tests. 


it  was  decided  to  be  conservative  and  simply  assume  that 
the  clayey  sands  behave  like  silty  sands  and,  therefore, 
are  also  suspect.  Both  of  the  critical  sites  at  Stations 
10-11  and  Station  112  have  low-blowcount  clayey  sand/ 
silty  sand  layers. 

Also,  during  this  period  of  the  investigation,  a  change  was 
again  made  in  the  choice  of  accelerogram  to  be  used  in  the 
dynamic  response  analyses.  This  change  resulted  from  a 
re-evaluation  of  the  Prairie  Creek  Lineament.  Although 
this  structure  ends  about  8  miles  south  of  Oroville,  a 
northern  extension  would  pass  within  2-3  miles  of  the 
Forebay  Dam.  Re-examination  of  this  structure  resulted 
in  the  assumption  that  this  lineament  extension  poses  the 
same  earthquake  threat  to  the  Forebay  Dam  as  does  the 
Cleveland  Hill  Fault  to  Oroville  Dam.  Consequently,  it 
was  decided  to  use  the  Oroville  Reanalysis  Earthquake 
(a  max  =  0.6g)  in  analyzing  the  Forebay  Dam. 


For  the  two  critical  sites.  Stations  10-11  and  Station  112, 
the  following  detailed  studies  were  performed: 

a.  Static  stress  analysis  using  the  finite  element  method. 

b.  One-dimensional  dynamic  response  analyses  using 
the  Oroville  Reanalysis  Earthquake  (cimax  =  0.6g)  to 
predict  earthquake-induced  cyclic  stresses. 

c.  Calculation  of  factors  of  safety  against  liquefaction 
and  the  levels  of  excess  pore  water  pressures  gener- 
ated. 

d.  Post-earthquake  slope  stability  analyses  using  re- 
duced soil  strengths  for  non-liquefied  soils  and  zero 
strengths  for  liquefied  zones. 

e.  Examination  of  the  possibility  of  movements  on 
transverse  faults  in  the  Main  Dam  right  abutment  ba- 


During  this  period,  it  was  realized  that  many  of  the  clayey 
sands  encountered  during  the  explorations  were  actually 
composed  of  weathered  soil  grains  that  easily  break  apart 
with  remolding.  In  some  cases,  this  meant  that  a  soil  that, 
perhaps  existing  and/or  behaving  in  situ  as  a  silty  soil, 
could  be  classified  in  the  field  or  in  the  laboratory  as  a 
clayey  sand.  For  most  situations,  clayey  soils  are  regarded 
as  non-liquefiable.  As  a  consequence  of  this  realization. 


f .  Examination  of  the  possible  effects  of  the  variability 
of  the  basalt  rock  beneath  the  alluvial  foundation  of 
the  Main  Dam. 

The  results  of  these  calculations  and  a  conclusion  of  ade- 
quate safety  were  presented  in  a  draft  report  in  October 
1984  to  both  the  Division  of  Safety  of  Dams  and  the  con- 
sulting board. 


1984-1988 

After  reviewing  the  1984  draft  report,  the  Division  of 
Safety  of  Dams  decided  that  the  information  contained  in 
the  report  did  not  indicate  that  the  dam  would  be  stable  in 
the  event  of  a  maximum  credible  earthquake  on  the  Prai- 
rie Creek  Lineament.  At  the  same  time,  the  consulting 
board  stated  that  the  use  of  the  Oroville  Reanalysis 
Earthquake  scaled  to  0.6g  was  overly  conservative  for  use 
in  analyzing  Thermalito  Forebay  Dam.  To  resolve  the 
concerns  of  these  two  groups,  the  following  additional 
work  was  conducted: 

a.  Performed  additional  finite  element  and  one- 
dimensional  dynamic  response  analyses  for  the  two 
critical  sites.  These  analyses  employed  both  the 
Oroville  Reanalysis  Earthquake  (Omax  =  0.6g)  and  a 
modified  El  Centro  record  (a^ax  =  0.55g)  as  earth- 
quake loadings.  For  each  element  of  suspect  sand, 
the  higher  of  the  two  earthquake-induced  stresses 
was  used  for  computations  of  factors  of  safety  against 
the  development  of  liquefaction. 

b.  The  cyclic  loading  resistance  of  the  suspect  sands 
were  defined  using  correlations  between  field  per- 
formance and  SPT  resistance.  The  correlated 
strengths  were  extended  to  different  consolidation 
stress  conditions  using  results  of  cyclic  triaxial  tests 
performed  for  Thermalito  Afterbay  Dam. 

c.  Factors  of  safety  against  liquefaction  and  estimates  of 
generated  excess  pore  water  pressures  were  calcu- 
lated for  the  suspect  sand  layers  at  the  two  critical 
sites  by  comparing  earthquake-induced  cyclic 
stresses  to  cyclic  loading  resistance. 

d.  Post-earthquake  slope  stability  analyses  were  per- 
formed using  reduced  soil  strengths  in  non-liquefied 
soils  and  residual  strengths  in  liquefied  soils. 

e.  A  limited  number  of  pseudodynamic  sliding  analyses 
were  performed  for  the  two  concrete  wingwall  dams 
connected  to  the  powerplant  headworks  structure. 
In  addition,  simplified  dynamic  stress  calculations 
were  performed  in  an  effort  to  determine  areas  of 
potential  excessive  tensile  stress  and  possible  crack- 
ing. 


Summary  of  Findings 

1.  Fourteen  sites  were  found  along  the  Forebay  Dam 
with  foundation  soils  having  corrected  SPT  blow- 
counts  of  less  than  30. 

2.  Low  blowcount  soils  generally  consist  of  silty  and/or 
clayey  sands.  Soil  gradations,  plasticity,  and  blow- 
counts  vary  greatly  within  a  short  distance,  both  hori- 
zontally and  vertically. 

3.  The  Earthquake-induced  cyclic  stresses  calculated  in 
the  dynamic  response  analyses  for  the  two  critical 
sites  using  the  Oroville  Reanalysis  Earthquake 
(flmax  =  0.6g)  are  generally  comparable  (within  15 
percent)  with  those  calculated  using  the  Modified  El 
Centro  record  (a^ax  =  0.55g).  Using  the  higher  of 
the  stresses  from  the  two  different  earthquake  load- 
ings together  with  SPT  cyclic  strengths  results  in  a 
prediction  of  liquefaction  within  the  suspect  layers 
beyond  the  upstream  and  downstream  toes  and  in  a 
central  zone  beneath  the  dam  crest  for  the  Main  Dam 
dam  model.  For  the  Low  Dam  model  there  was  a 
much  greater  amount  of  liquefaction  predicted  in  the 
foundation  beneath  the  upstream  slope. 

4.  Employing  zero  strength  for  liquefied  zones  and  con- 
sidering the  pore  pressures  induced  in  the  non-lique- 
fied zones,  the  post-earthquake  slope  stability  safety 
factor  for  the  Main  Dam  (Station  10-11)  model  is  1.8. 
The  factor  of  safety  for  the  same  conditions  at  the 
Low  Dam  (Station  112)  model  is  1.2.  Recent  studies 
have  shown  that  liquefied  soils  maintain  residual 
shear  strengths.  Using  recent  correlations  between 
SPT  resistance  and  residual  shear  strength,  post- 
earthquake  slope  stability  analyses  show  that  the 
minimum  factor  of  safety  against  sliding  at  the  Low 
Dam  would  increase  to  1.6 

5.  The  faults  in  basalt  foundation  rock  at  the  right  end 
of  the  dam  are  considered  inactive  and  do  not  present 
a  hazard  to  the  dam. 

6.  The  shape  of  the  basalt  surface  where  it  dips  under 
the  alluvium  at  the  right  end  of  the  dam  is  no  steeper 
than  1:1  and  will  not  cause  differential  settlement 
cracking  in  overlying  alluvium  and  embankment. 

7.  Pseudodynamic  sliding  analyses  of  the  two  concrete 
wingwall  dams  revealed  factors  of  safety  above  unity 
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for  horizontal  seismic  coefficients  in  excess  of  60  per- 
cent of  gravity.  Predicted  earthquake-induced  ten- 
sile stresses  in  these  two  dams  were  less  than  11  per- 
cent of  the  compressive  strength  of  the  concrete.  Ac- 
cordingly, since  the  dynamic  tensile  strength  of  con- 
crete is  often  accepted  as  being  equal  to  15  percent  of 
its  compressive  strength  (see  Reference  80),  no  sig- 


nificant earthquake-induced  cracking  would  be  indi- 
cated. 

The  maximum  permanent  earthquake  induced  defor- 
mation in  Thermalito  Forebay  Dam  is  predicted  to 
be  at  the  Station  112  (Low  Dam)  site.  This  deforma- 
tion is  expected  to  be  less  than  1  foot  in  any  direction. 
No  transverse  cracking  is  predicted. 
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Figure  208.  Thermalito  Forebay  Dam,  General  Location  Map 
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2.  DESIGN,  CONSTRUCTION,  AND  PERFORMANCE  OF  THERMALITO  FOREBAY  DAM 


General  Description  of  Dam  and  Reservoir 

Thermalito  Forebay  is  a  relatively  shallow  11,400  acre- 
foot  offstream  reservoir  encompassed  on  the  south  and 
east  by  Thermalito  Forebay  Dam  and  by  the  Campbell 
Hills  on  the  north  and  west.  It  is  located  in  Sections  1, 2, 
3,  10  and  11  T.N.  19N,  R3E,  Mount  Diablo  B&M,  Butte 
County,  approximately  3  miles  west  of  the  city  of  Oroville 
(Figure  208). 

Thermalito  Forebay  Dam  and  reservoir  is  an  integral  part 
of  the  Oroville  Division  power  complex,  with  Thermalito 
Powerplant  located  on  its  southwestern  end  and  Ther- 
malito Power  Canal  connected  to  its  northeastern  end. 
The  11,400  acre-feet  of  gross  storage  are  divided  into  two 
major  areas  connected  by  a  400-foot  channel  (Channel 
H)  which  is  bridged  by  Nelson  Avenue  (Figure  209). 
Channel  H  at  Nelson  Avenue  and  its  extensions  in  both 
directions  were  excavated  to  provide  hydraulic  circulation 
through  the  reservoir  and  to  furnish  embankment  materi- 
als. 

The  dam  is  principally  an  earth  embankment  structure 
approximately  15,900  feet  long,  with  a  maximum  height 
of  71  feet  and  an  average  height  of  25  feet.  The  crest  of 
the  dam  is  at  Elevation  231.0,  and  the  maximum  normal 
water  surface  is  Elevation  225.0. 

A  groundwater  relief  system  is  located  at  the  downstream 
toe  of  the  dam  just  south  of  Nelson  Avenue  between  Sta- 
tions 80  and  88.  The  system  consists  of  relief  wells,  col- 
lector pipe,  sump,  pump  and  discharge  line.  The  purpose 
of  this  system  is  to  reduce  high  ground  water  levels  that 
had  developed  in  this  area. 

In  the  vicinity  of  the  Thermalito  Powerplant,  the  embank- 
ment dam  is  connected  to  the  plant  headworks  structure 
by  a  concrete  wingwall  dam.  The  eastern  portion  of  the 
wingwall  dam  is  partially  embedded  within  the  embank- 
ment dam.  Only  in  this  vicinity  was  a  zoned  embankment 
placed.  Another  concrete  wingwall  dam— the  Approach 
Channel  Dam— is  situated  on  the  other  side  of  the  power 
plant  headworks  structure  (See  Figure  210). 


Site  Geology 

The  surface  geology  of  the  Thermalito  Forebay  area  con- 
sists of  alluvium.  Red  Bluff  sediments,  basalt  rubble,  and 
layers  of  basalt  and  interflow  strata. 

Alluvium  {Qai  )  is  found  along  the  drainages  traversing 
the  area  and  in  the  eastern  portion  of  the  Forebay.  Along 
Grubb  Creek  at  the  site  of  the  Main  Dam  and  along 
Ruddy  Creek  at  the  east  end  of  the  reservoir,  there  was 
approximately  5  feet  of  alluvium.  The  alluvium  in  this 
area  consists  of  loose  gravelly  silt  with  lenses  of  gravel. 
Minor  gravel  deposits  also  occur  in  the  channels  of  nu- 
merous smaller  drainages  traversing  the  reservoir  area. 

The  Red  Bluff  formation  {Qrb  )  is  exposed  over  most  of 
the  reservoir  area  with  the  exception  of  the  northern  and 
northeastern  portions  of  the  Forebay.  This  formation  is  a 
Plio-Pleistocene  age  flood  plain  deposit  containing 
crudely  stratified  silty  and  clayey  sands,  silts,  and  clays 
with  scattered  lenses  of  clayey  or  silty  gravel. 

A  series  of  southwesterly  dipping  basalt  flows  (  Tv  )  is  ex- 
posed along  the  northern  border  of  the  reservoir  area. 
These  Tertiary-age  basalt  strata  are  collectively  referred 
to  as  the  Lovejoy  formation.  Based  on  Thermalito 
Powerplant  drilling,  three  members  of  this  series  of  hard, 
dense,  slightly  weathered,  and  strongly  fractured  basalts 
were  delineated:  Upper  Basalt  Flow  {T^u  ),  Middle  Ba- 
salt Flow  (Tv;;,),  and  Lower  Basalt  Row  (Tv/  ).  Between 
the  Middle  {T^m)  and  Lower  (Ty/  )  Basalt  Hows  is  the 
Lower  Interflow  Material  (T//7  ),  a  sedimentary  deposit 
characterized  by  fine-grained  volcanic  sediments  and  ba- 
salt fragments.  Outcrops  of  Interflow  Materials  (Jifi ) 
and  Upper  Basalt  (  T^u  )  were  not  observed  within  the 
reservoir  area  but  crop  out  in  the  Forebay  power  plant 
area.  The  basalt  series  is  overlapped  by  the  Red  Bluff  for- 
mation and  is  underlain  by  older  consolidated  sediments 
identified  as  the  lone  formation.  Overlying  portions  of 
the  Lower  Basalt  (T„i  ),  Middle  Basalt  {T^m),  and  Lower 
Interflow  Material  (Jifi  )  and  overlapping  into  the  Red 
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Bluff  formation  {Qrb  )  is  a  unit  of  Basalt  Rubble  (  Tr  ). 
The  Basalt  Rubble  unit  consists  of  loosely  to  moderately 
consolidated  fragments  of  basalt  in  a  clay  matrix  that  re- 
sulted from  tallus-type  deposition  adjacent  to  steep 
slopes.  The  Basalt  Rubble  is  contemporaneous  with  and 
interfingers  with  the  Red  Bluff  stream  deposits. 

A  steeply  dipping  fault  zone  striking  NE-S W  was  exposed 
in  the  power  plant  excavation.  This  zone  projects  across 
the  right  abutment  of  the  Main  Dam.  The  fault  zone  con- 
sists of  multiple  faults  with  a  net  normal  displacement. 
The  southeast  block  is  40  to  60  feet  lower  than  the  north- 
west block.  The  shear  zone  does  not  displace  the  overly- 
ing Basalt  Rubble  (Tr  )  or  the  Red  Bluff  formation  {Qrb  )■ 


The  geology  in  the  vicinity  of  the  Main  Dam  is  presented 
in  Figures  21 1  and  212,  and  the  geologic  units  are  summa- 
rized in  Table  43. 


Geologic  Investigations  During  Design 

Geologic  exploration  for  design  of  Thermalito  Forebay 
began  in  April  1953  and  extended  to  May  1965.  Addi- 
tional explorations  were  undertaken  as  construction  and 
operation  problems  developed.  Some  of  the  explorations 
were  initiated  for  other  features  of  the  Oroville-Ther- 
malito  Complex,  but  were  used  for  the  Forebay  due  to 
overlapping  areas. 

The  initial  design  exploration  in  April  1953  consisted  of 
three  bucket  auger  holes  for  Oroville  Dam  embankment 
material  within  the  Forebay  area. 

From  January  1957  to  August  1957,  four  flight  auger  and 
eleven  bucket  auger  holes  were  drilled  for  preliminary 
materials  exploration  in  the  vicinity  of  the  Forebay. 

One  rotary  hole  was  drilled  in  August  1959  for  prelimi- 
nary foundation  exploration  at  Ruddy  Creek. 


Figure  210.  General  Plan  of  Thermalito  Ford>ay—Main  Dam  Area 
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Table  43.  Summary  of  Geologic  Units  Exposed  Along  Thermalito  Forebay  Dam 


Unit 


Description 


Qai  Recent  Alluvium  Unconsolidated  mixtures  of  clays,  silts,  sands,  and  gravels. 

Qrb  Red  Bluff  Formation  Loose  to  moderately  consolidated  mixtures  of  clays,  silts,  sands, 

and  gravels. 

Tr  Basalt  Rubble  Loose  to  moderately  consolidated  basalt  fragments  in  a  clayey 

matrix.  Locally  includes  blocks  of  basalt  and  interflow  materials  ii 
the  major  zone. 

TvM  Upper  Basalt  Flow  Medium  gray.  Veiy  fine-grained.  Hard.  Dense.  Moderately  to 

strongly  fractured.  Generally  slightly  to  moderately  weathered. 

Tifu  Upper  Interflow  Tuffaceous  silt  and  clay,  overlying  basalt  breccia  with  a  matrix  of 

tuffaceous  materials  or  soft  tan  amorphous  mineral. 

^vm  Middle  Basalt  Flow  Medium  gray.  Very  fine-grained.  Hard.  Dense.  Moderately  to 

strongly  fractured.  Generally  slightly  to  moderately  weathered. 

Ttfi  Lower  Interflow  Basalt  rubble  cemented  with  tuffaceous  sand  or  soft,  tan  amor- 

phous mineral.  Some  lenses  of  dense  tuffaceous  sand,  silt,  and 
clay. 

TV/  Lower  Basalt  Flow  Medium  light-gray.  Fine-grained.  Hard.  Dense.  Moderately  to 

strongly  fractured.  Generally  fresh. 


From  February  1963  to  April  1964,  six  rotary  holes  were 
drilled  for  exploration  of  the  Main  Dam  foundation. 
Thirteen  bucket  auger  and  twelve  spin  auger  holes  were 
also  drilled  for  materials  and  foundation  exploration  for 
the  Low  Dam  and  five  rotary  holes  were  drilled  for  foun- 
dation exploration  for  Nelson  Avenue  Bridge.  As  an 
added  safety  factor,  an  extra  borrow  area  was  investigated 
in  May  1964  by  drilling  five  more  bucket  auger  holes  in  an 
area  near  the  power  plant. 

Two  more  rotary  holes  were  drilled  in  the  Ruddy  Creek 
Dam  foundation  in  April  1965  for  more  extensive  founda- 
tion exploration  and  three  rotary  holes  were  drilled  in 
May  1965,  in  an  area  above  the  Thermalito  Diversion 
Dam,  to  provide  a  backup  source  for  riprap. 

The  soil  surface  permeability  in  the  Forebay  was  tested  by 
surface  infiltrometers  in  November  and  December  1957, 
and  again  in  September  through  December  1958.    A 


foundation  permeability  test  was  taken  in  one  hole  in  De- 
cember 1958  and  again  in  nine  holes  in  April  and  May  of 
1964. 

The  groundwater  surface  configuration  was  measured  in 
several  wells  every  spring  and  fall  from  December  1957  to 
October  1959. 

Geologic  Investigation  During  Construction 

During  construction,  ten  more  auger  holes  were  drilled  in 
Channel  H  in  an  attempt  to  locate  coarse  impervious  "Se- 
lect Zone  2F"  transition  material  for  the  protection  of  the 
Zone  3  blanket  drain. 

In  May  1967,  four  auger  holes  were  drilled  just  upstream 
of  the  dam  between  Station  63  +  00  and  80  +  25  to  check 
the  thickness  of  the  impervious  cap.  The  holes  were 
drilled  where  sand  had  been  found  in  the  exploration 
trench.  Five  auger  holes  were  drilled  in  the  Main  Dam 
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foundation  area  at  the  same  time  for  additional 
preconstruction  exploration. 

Nine  test  pits  were  excavated  in  the  floor  of  Channel  H  to 
conduct  crude  field  permeability  tests  and  to  obtain  gra- 
dations for  determining  the  extent  of  impervious  blanket- 
ing required. 

Eleven  piezometers  were  installed  downstream  of  the 
dam  during  construction. 

General  Description  of  the  Design  and 
Construction  of  the  Embankment 

The  Thermalito  Forebay  Dam  is  principally  an  earth  em- 
bankment structure  with  a  maximum  height  of  71  feet  and 
an  average  height  of  about  25  feet.  The  30-foot  wide 
crest  is  at  Elevation  231.0  and  provides  a  6-foot  mini- 
mum freeboard.  Figure  213  contains  cross  sections  of  the 
embankment  dam  along  with  design  parameters. 

The  embankment  is  divided  into  three  segments:  the 
Main  Dam,  which  begins  at  the  gravity  wingwall  of  Ther- 
malito Powerplant  and  continues  across  Grubb  Creek, 
the  Rud(fy  Creek  Dam  across  Ruddy  Creek,  and  the  Low 
Dam  connecting  these  embankments  and  completing  the 
enclosure. 

The  alignment  of  the  dam  was  generally  selected  to  mini- 
mize embankment  height  by  locating  on  the  highest  natu- 
ral topography.  There  are  three  notable  exceptions.  The 
desire  to  minimize  the  Nelson  Avenue  relocation  costs 
controlled  the  alignment  in  that  area.  At  the  left  abut- 
ment of  both  the  Ruddy  Creek  Dam  and  Main  Dam,  the 
embankment  was  located  upstream  of  natural  high 
ground.  This  was  done  to  blanket  a  possible  pervious 
lense  in  the  Ruddy  Creek  foundation  and  to  keep  the 
Main  Dam  away  from  the  Tail  Channel  excavation  to  re- 
duce the  seepage  potential  and  improve  the  stability  of 
the  Main  Dam. 

The  descriptions  of  the  segments  are: 


and  consists  of  four  zones.  Zone  IF,  the  major  portion  of 
the  embankment,  is  an  impervious  zone  of  compacted 
gravelly,  silty  and  clayey  sands.  Zone  3  consists  of  pervi- 
ous sandy,  coarse,  dredge  tailings  used  in  a  12-foot-wide 
transition  zone  within  both  upstream  and  downstream 
slopes  and  in  an  18-inch-thick  horizontal  drain  blanket  in 
the  downstream  section.  Zone  4F  is  a  compacted  gravel 
zone  that  is  used  on  both  slopes  as  slope  protection.  Be- 
tween Stations  2  +  08  and  5  +  50  along  the  power  plant  ap- 
proach channel,  the  upstream  slope  varies  between  1.75:1 
to  3:1.  To  provide  upstream  stability  the  4F  material  was 
placed  in  variable  width  within  the  upstream  slope  (see 
Figures  213  and  214).  Between  Stations  5  +  50  and 
15  +  37,  the  upstream  slope  continues  at  a  3:1  slope.  An 
8-foot  wide  zone  of  riprap  above  Elevation  218.0  protects 
against  wave  action. 

Ruddy  Creek  Dam.  The  Ruddy  Creek  Dam  is  1,730  feet 
long  and  runs  between  Stations  13 1  +  70  and  149  +  00.  It 
has  a  maximum  height  of  45  feet,  and  has  2.5:1  slopes 
both  upstream  and  downstream.  The  embankment  con- 
sists of  five  zones,  with  Zones  3, 4F,  and  riprap  being  the 
same  as  the  Main  Dam.  Zone  2F,  the  major  portion  of  the 
embankment,  is  an  impervious  zone  of  compacted  mate- 
rials varying  from  sandy  silts  and  clays  to  silty  and  clayey 
sands.  A 1-  foot-thick  blanket  of  specially  selected  Zone 
2F,  is  a  transition  zone  surrounding  the  Zone  3  in  the 
horizontal  drain. 


Low  Dam.  The  Low  Dam  is  12,800  feet  long  and  runs  be- 
tween Stations  38  +  50  and  131  +  70  and  between  Station 
149  +  00  and  the  end  of  the  line.  It  has  a  maximum  height 
of  35  feet  and  2.5:1  slopes  both  upstream  and  down- 
stream. Its  cross  section  is  the  same  as  Ruddy  Creek 
Dam,  with  the  exception  that  the  Zone  4F  material  below 
the  riprap  and  the  Zone  3  material  on  the  downstream 
slope  are  deleted.  The  Zone  3  blanket  drain  and  Select 
Zone  2F  are  included  where  the  dam  is  more  than  17  feet 
high.  Within  the  recreation  area,  exterior  zones  are 
eliminated  wherever  the  recreation  fill  encompasses  the 
dam  embankment. 


Main  Dam.  The  Main  Dam  is  1,330  feet  long  and  runs  be- 
tween Stations  2  +  08  and  15  +  37.  It  has  a  downstream 
slope  of  2.5:1,  upstream  slopes  varying  from  1.75:1  to3:l, 


For  most  of  the  embankment,  the  designers  intended  to 
construct  a  basically  homogeneous  dam  with  locally  avail- 
able materials.      Preliminary  designs  including  zoned 
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STATION    4  +  20F 


Figure  214.  Sections  ofThermalito  Forebay  Zoned  Main  Dam  Between  Stations  2  +  03  and  4  +j 
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embankments  with  more  dredge  tailings  and  basalt  were 
deemed  too  complicated  for  the  height  of  the  dam,  and  so 
the  slopes  were  flattened  and  more  common  material  was 
used.  2k>ned  embankments  and  semi-zoned  embank- 
ments were  included  where  special  conditions  made  them 
necessary.  The  upstream  half  of  the  Main  Dam  near  the 
power  plant  (Stations  2  +  08  to  5  +  50)  is  a  zoned  embank- 
ment to  minimize  the  encroachment  into  the  approach 
channel.  The  sound  basalt  foundation  in  this  area  permit- 
ted use  of  a  1.75:1  slope,  making  the  rather  complicated 
construction  worthwhile  here  and  at  the  downstream 
shell  contact  with  the  power  plant. 

In  the  original  design,  the  embankments  were  not  pro- 
vided with  internal  drains.  However,  the  Division  of 
Safety  of  Dams  disagreed  with  both  the  designers  and  the 
OrovUle  Dam  Consulting  Board,  who  had  reviewed  the 
designs,  and  required  blanket  drains  to  be  added.  Safety 
of  Dams  required  the  changes  because  it  did  not  approve 
homogeneous  sections  for  modem  dams  and  believed 
that  the  cohesion  strength  intercept  found  in  the  labora- 
tory testing  might  not  be  present  in  all  of  the  soil  to  be 
placed  in  the  long  embankment. 

The  dredge  tailing  deposit  selected  for  the  Therraalito 
Forebay  and  Afterbay  Contract  was  unusually  clean  so  pit 
run  Zone  3,  with  selected  relatively  coarse  impervious 
borrow  for  the  subzone  transition  around  it  was  used  for 
the  drain.  Zone  IF  in  the  Main  Dam  was  found  to  be 
coarse  enough  in  stockpile  to  not  need  the  select  subzone. 


There  is  a  24-foot-wide  road  on  the  crest  of  the  dam  for 
maintenance  purposes.  The  road  surfacing  material  is  a 
4-inch  layer  of  Class  2  aggregate  base. 

Access  to  the  dam  crest  is  at  the  end  of  the  Low  Dam  near 
the  power  canal.  Nelson  Avenue,  and  Access  Road  "C" 
between  the  power  plant  and  the  recreation  area. 

Foundation  Conditions 

The  major  portion  of  the  Forebay  embankment  is 
founded  on  the  Red  Bluff  formation  ( Qrb  )■  This  forma- 
tion is  lenticular  in  the  Forebay  area,  and  its  composition 
ranges  from  silts  and  clays  to  gravelly,  silty  and  clayey 
sands,  with  some  clean  sands  and  gravels. 

The  only  portion  of  the  dam  not  founded  on  the  Red  Bluff 
formation  is  a  short  reach  along  the  approach  channel, 
adjacent  to  the  power  plant.  The  upstream  portion  of  the 
embankment  in  this  area  is  founded  on  fresh  in  situ  ba- 
salt; the  downstream  toe  foundation  is  Basalt  Rubble.  At 
the  point  where  the  dam  starts  to  curve  out  across  Grubb 
Creek,  the  center  part  of  the  foundation  is  founded  on  the 
Basalt  Rubble  with  the  upstream  and  downstream  por- 
tions on  Red  Bluff  sediments.  Beyond  Station  9  +  20,  the 
entire  embankment  is  founded  on  Red  Bluff  formation. 

The  contact  between  the  Red  Bluff  and  basalt  is  a  lens  of 
basalt  rubble.  It  coincides  with  the  centerline  of  the  dam 
as  it  parallels  the  approach  channel,  but  is  exposed  to  the 
water  in  the  approach  channel  as  the  dam  turns  out  across 
Grubb  Creek. 


Asbestos  cement  drainage  pipes  are  installed  in  trenches 
below  the  toe  of  the  dams.  In  the  Main  Dam,  the  pipe  is 
12  inches  in  diameter  and  extends  between  Stations  2-1-03 
and  15-1-37.  In  the  Low  Dam  and  Ruddy  Creek  Dam,  the 
pipe  is  8  inches  in  diameter  and  extends  between  Stations 
54  -1-  00  and  155  -t-  00.  Outlets  are  provided  to  natural  or 
man-made  water  courses.  The  function  of  the  toe  drain 
in  the  Low  and  Ruddy  Creek  Dams  is  to  channel  unsightly 
seepage  into  natural  water  courses.  The  embankment- 
foundation  contact  was  assumed  to  be  the  likely  source  of 
seepage.  In  the  Main  Dam,  the  drain  was  placed  to  assure 
that  the  phreatic  surface  between  the  dam  and  the  tail- 
race  channel  will  be  maintained  at  or  below  the  level  as- 
sumed for  design  of  the  dam. 


The  shear  zone  found  in  the  power  plant  excavation  pro- 
jects into  the  right  abutment  of  the  Main  Dam  and  may 
correlate  with  shears  exposed  in  the  dam  foundation  be- 
tween Stations  5 -t- 00  and  7-1-00. 

Undisturbed  samples  of  the  Red  Bluff  formation  were 
obtained  and  tested  for  shear  strength.  In  the  power 
plant  excavation  the  Red  Bluff  sediments  were  too  coarse 
to  sample.  Samples  from  the  lenses  of  hardpan  were  also 
not  tested  for  shear  strength  because  prior  tests  on  similar 
material  from  Thermalito  Afterbay  had  shown  very  high 
strengths.  For  these  reasons,  the  shear  strengths  derived 
from  the  testing  program  and  assigned  to  the  foundation 
for  the  stability  analyses  were  believed  to  be  conservative. 


The  permeability  testing  of  the  Forebay  area  and  observa- 
tions of  the  power  plant  excavation  showed  that  the  Red 
Bluff  formation  is  generally  impervious,  but  that  pervious 
lenses  are  present.  The  field  permeability  testing  seemed 
to  indicate  that  most  of  the  pervious  lenses  were  discon- 
tinuous. Nothing  was  identified  in  the  explorations  to  in- 
dicate that  there  was  any  general  change  in  permeability 
with  depth.  That  is,  the  pervious  lenses  could  occur  at  any 
depth.  Unlike  the  Afterbay,  the  pre-project  groundwater 
levels  were  generally  100  feet  or  more  below  the  ground 
surface. 

Foundation  Treatment 

Foundation  treatment  for  the  basalt  included  having  the 
entire  core  contact  slush  grouted.  In  addition,  a  three- 
stage  single  line  grout  curtain  with  a  maximum  depth  of 
100  feet  was  constructed.  This  curtain  extends  beneath 
the  embankment  dam  from  the  easterly  end  of  the  con- 
crete wingwall  dam  at  Station  2-1-25  to  Station  8  +  11 
where  the  Red  Bluff  soils  overlie  the  basalt.  A  primary 
objective  of  this  extension  was  to  grout  the  Basalt  Rubble 
lens  at  the  contact.  The  lens  or  wedge  of  Basalt  Rubble 
overlies  the  Middle  Basalt  flow  and  interfingers  with  the 
Red  Bluff  sediments.  The  Basalt  Rubble  and  the  Middle 
and  Lower  Basalt  flows  were  generally  tight.  Most  of  the 
grout  was  injected  into  the  Lower  Interflow  Layer  be- 
tween the  two  basalt  flows. 


depth  of  the  excavation  and  the  steep  side  slopes  deter- 
mined the  actual  extent  of  the  trench.  This  limit  was  ac- 
cepted after  examining  the  tail  channel  slope  and  review- 
ing the  other  seepage  control  features  in  the  area.  It  was 
determined  that  the  extended  cutoff  trench  would  in- 
crease the  seepage  path  adequately  to  make  the  seepage 
exit  into  the  tail  channel  without  affecting  the  stability  of 
the  dam. 

Relatively  impervious  random  and  wet  waste  material 
from  the  power  plant  excavation  was  used  to  blanket  the 
entire  reservoir  floor  to  Elevation  185  upstream  of  the 
Main  Dam.  Although  there  was  no  specific  design  need 
for  the  blanket,  it  was  considered  a  good  use  for  the  avail- 
able material. 

The  trench  under  the  Low  and  Ruddy  Creek  Dams  la- 
beled "cutoff  trench"  was  primarily  an  exploration 
trench.  It  was  deepened  locally  up  to  10  feet  to  cut  off 
sand  lenses  exposed  in  the  excavation  and  it  was  used  to 
identify  the  need  for  impervious  blanketing  in  the  reser- 
voir area. 

Foundation  settlements  were  predicted  to  be  negligible 
for  the  Low  and  Ruddy  Creek  Dams,  and  only  6  inches  of 
camber  is  provided  for  the  Main  Dam  for  both  embank- 
ment and  foundation  settlement. 

Construction  Materials 


Where  the  Basalt  Rubble  was  exposed  in  downstream 
portions  of  the  dam  foundation  between  Station  2  +  00 
and  6  +  00,  a  2-foot  thick  impervious  layer  was  placed 
over  the  rubble. 

For  embankments  founded  on  Red  Bluff  foundation,  all 
topsoil  and  recent  alluvium  was  stripped.  This  averaged  7 
feet  for  the  Main  Dam  and  Ruddy  Creek  Dams  and  6 
inches  for  the  Low  Dam. 

A  30-foot-deep  cutoff  trench  is  located  near  the  up- 
stream toe  under  the  Main  Dam  (Station  6  +  00  to 
14  +  00)  which  extends  across  Grubb  Creek  to  seal  hori- 
zontal sand  lenses.  The  trench  overlaps  and  is,  in  effect, 
an  extension  of  the  grout  curtain  in  the  Basalt  foundation. 
During  construction,  the  trench  was  deepened  and  ex- 
tended to  the  east  as  far  as  it  was  safe  to  do  so  to  cut  off  a 
clean  sand  lens  exposed  in  the  bottom  of  the  trench.  The 


The  Thermalito  Forebay  Dam  consists  of  six  different 
zones  of  materials:  Zones  IF,  2F,  3,  4F,  2F  select,  and 
riprap.  In  the  early  design  stages,  it  became  evident  that 
there  was  an  abundance  of  excavated  material  from  the 
adjoining  Thermalito  features  which  could  be  used  as  em- 
bankment material.  Much  of  the  exploration  for  the 
power  plant,  tailrace  and  power  canal  served  as  materials 
exploration  for  Zones  IF  and  2F.  Mechanical  analysis, 
Atterberg  Limits,  and  specific  gravity  tests  were  run  on 
most  samples  from  the  Red  Bluff  Formation  which  fell 
within  the  limits  of  anticipated  borrow  sources.  These 
tests  revealed  gravelly,  silty  and  clayey  sands  to  sandy  silts 
and  clays. 

Zone  IF.  Zone  IF  material  came  primarily  from  the  Ther- 
malito Powerplant  excavation.  Red  Bluff  material  exca- 
vated above  the  water  table  was  stockpiled  by  the  power 
plant  contractor  for  use  by  the  dam  contractor.  This 
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stockpile  had  to  be  supplemented  with  like  material  exca- 
vated from  the  reservoir  floor  because  the  contractor  was 
allowed  to  use  too  much  of  the  stockpiled  material  for 
Zone  2B  and  the  bottom  of  the  stockpile  was  too  wet  for 
use  in  the  dam.  Apparently,  rainwater  had  percolated 
into  the  relatively  loose  stockpile  during  the  three  win- 
ters between  the  original  excavation  and  use  in  the  dam, 
and  the  impervious  Red  Bluff  Formation  blocked  drain- 
age from  the  bottom  of  the  stockpile. 

The  closer  gradation  limits  of  Zone  IF,  as  compared  to 
Zone  2F,  were  obtained  by  taking  advantage  of  the  mixing 
of  the  lenticular  soil  during  stockpiling  and  re-handling 
of  the  materials.  Composites  of  representative  samples 
from  the  power  plant  were  prepared  to  determine  these 

U.S.  STANDARD 
200        100 


gradation  limits  and  samples  were  taken  from  the  stock- 
pile prior  to  construction  to  verify  the  design  limits. 

For  Zone  IF  material,  compaction  tests  were  run  on  22 
samples  from  the  tailrace  area  and  one  sample  from  the 
Zone  IF  stockpile  with  a  resulting  average  maximum  den- 
sity (DWR  Standard)  of  114  pcf  and  optimum  water  con- 
tent of  16.3  percent. 

Twelve  consolidated,  saturated,  undrained  triaxial  shear 
test  series  with  pore  pressure  measurements  were  run  on 
representative  samples  from  the  tailrace  limits.  The 
remolded  test  specimens  were  recompacted  to  97  percent 
relative  compaction  (DWR  Standard)  and  were  tested 
prior  to  the  decision  to  stockpile  and  re-handle  the  mate- 
rial. Later,  it  was  found  that  four  series  fell  outside  the 
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Figure  216.  Gradations  of  Triaxial  Test  Specimens  of  Zone  IF  Soil  Tested  During  Design 
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composite  gradation  curves,  one  series  had  inconclusive 
results,  one  series  was  not  tested  to  DWR  standards  and 
one  series  was  both  inconclusive  and  fell  outside  the  com- 
posite gradation  envelope.  Consequently,  the  remaining 
five  series  were  used  to  determine  the  design  strength  pa- 
rameters. An  effective  strength  of  33  degrees  and  0  cohe- 
sion, and  a  total  strength  of  17  degrees  with  a  0.7  tsf  cohe- 
sion intercept,  were  chosen  for  design  strength  parame- 
ters. Figure  215  presents  a  comparison  of  the  shear 
strength  test  results  with  the  values  adopted  for  design. 
The  effective  strength  failure  criterion  was  maximum 
obliquity.  The  total  strength  criterion  was  the  lower  of 
either  peak  deviator  stress  or  the  development  of  20  per- 
cent axial  strain.  For  some  slope  stability  analyses,  a  lower 
total  strength  of  16  degrees  with  a  0.4  tsf  cohesion  inter- 


cept was  adopted.  Gradation  curves  for  the  five  test  series 
are  shown  in  Figure  216. 

Twelve  permeability  tests  were  run  on  samples  which  fell 
within  the  composite  grading  limits;  the  results  ranged 
from  0.3  to  .00009  ft/day  at  97  percent  relative  compac- 
tion (DWR  Standard). 

Zone  2F.  The  design  concept  for  Zone  2F  was  to  use  es- 
sentially any  of  the  Red  Bluff  material  from  the  manda- 
tory Channel  H  and  tail  channel  excavations.  The  explo- 
rations had  disclosed  only  minor  amounts  of  pervious  ma- 
terials and  it  was  believed  that  they  would  be  blended  with 
finer  materials  during  excavation  or  could  be  placed  in  the 
outer  portions  of  the  zone.  The  blending  concept  appears 
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Figure  217.  Strength  Results  from  Direct  Shear  Tests  of  Zone  2F  Soil  Conducted  During  Design 
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to  have  been  valid.  Pervious  embankment  materials  were 
not  a  problem  during  construction.  No  attempt  was  made 
to  route  the  material  being  placed  in  the  embankment. 
Strength  of  the  material  was  not  a  major  consideration  in 
determining  its  suitability  for  use  in  the  zone  because  of 
the  low  height  of  the  dam. 

The  10  percent  finer  and  coarser  gradation  limits  were  de- 
termined for  all  explored  materials  likely  to  be  used  in 
the  dam.  Five  samples  were  selected  from  within  these 
limits  for  testing  with  the  direct  shear  test.  The  direct 
shear  tests  were  set  up  at  optimum  moisture  and  95  per- 
cent relative  compaction  (DWR  Standard).  The  relative 
compaction  used  was  lower  than  the  97  percent  used  for 
Zone  IF  because  of  anticipated  quality  control  problems 


on  the  long  dam.  The  samples  were  then  saturated  and 
sheared  slowly.  The  direct  shear  tests  results  were 
checked  against  the  Thermalito  Afterbay  direct  shear 
testing,  the  Main  Dam  triaxial  testing  and  published  stan- 
dard strengths  before  the  design  strength  was  selected 
(Figure  217).  Gradation  curves  for  the  five  samples  are 
shown  on  Figure  218. 

The  Zone  IF  stockpile  was  the  source  of  the  "Select  Zone 
2F"  transition  protecting  the  Zone  3  blanket  drain. 

Zone  3.  Zone  3  was  a  sandy  gravel  obtained  from  the  State 
Borrow  Area  Z  located  in  the  Oroville  Dam  reserve  per- 
vious borrow  area.  This  part  of  the  dredge  tailing  deposit 
characteristically  had  smaller  rock  sizes,  more  sand  and 
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fewer  fines  than  the  rest  of  the  deposit  and  was  similar  to 
Oroville  Dam  Zone  2. 

Final  design  densities  were  assumed  to  be  the  same  as 
those  found  in  Oroville  Dam  Zone  2.  The  shear  strength 
was  assumed  to  be  the  same  as  that  determined  in 
Oroville  Zone  2  tests  performed  at  the  relatively  low  con- 
fining pressures  appropriate  to  Thermalito  Forebay  Dam 
(higher  strength  than  used  for  Oroville).  This  strength 
had  effective  strength  parameters  of  45  degrees  and  zero 
cohesion. 

Zone  4F.  The  source  of  Zone  4F  material  was  the  Ther- 
malito Powerplant  approach  channel  and  an  extension  of 
the  channel  identified  as  Borrow  Area  Y.  The  approach 
excavation  was  stockpiled  by  the  power  plant  contractor, 
and  Borrow  Area  Y  was  excavated  as  needed  for  the  dam 
construction. 

The  design  parameters  used  for  Zone  4F  were  based  on  a 
survey  of  the  literature  available  at  the  time. 

Stability  Analysis  of  the  Embankment 

The  soil  properties  used  in  the  slope  stability  analyses 
performed  during  design  are  summarized  in  Table  44. 
The  stability  analysis  approach  used  was  in  accordance 
with  Supervision  of  Dams'  Technical  Memorandum, 
"Earth  Dam  Stability,"  by  Mr.  W.  A.  Brown,  with  one  ex- 
ception. In  addition  to  the  slip  circles,  the  infinite  slope 
method  was  used  to  check  the  stability  of  the  outside 
slopes  of  Zone  4F. 


For  seismic  conditions,  a  pseudodynamic  acceleration  of 
O.lgwas  applied  horizontally  in  the  most  unfavorable  di- 
rection for  the  particular  section  being  analyzed.  For 
deep  circles  through  the  foundation  of  the  Main  Dam  and 
extending  into  the  tail  channel,  the  seismic  force  was  ap- 
plied at  the  center  of  mass  rather  than  at  the  failure 
plane. 


No  failure  circles  were  allowed  to  pass  through  the  basalt 
foundation. 

Both  total  and  effective  stress  analyses  were  performed 
on  the  Main  Dam  section.  Since  the  design  strengths  for 
Zone  2F  in  the  Low  and  Ruddy  Creek  Dams  were  based 
on  results  from  consolidated-drained  direct  shear  tests, 
only  effective  stress  analyses  were  performed  for  these 
embankments. 

Zones  3, 4F  and  the  riprap  were  assumed  to  be  free  drain- 
ing, with  respect  to  Zone  IF  and  Zone  2F.  Steady  state 
flow  nets  were  drawn  assuming  a  9:1  ratio  of  horizontal  to 
vertical  permeability  for  the  Zone  IF  and  2F  embank- 
ment. The  Basalt  Foundation  was  considered  completely 
impervious  where  the  rock  surface  was  treated,  and  equal 
to  the  contiguous  soil  permeability  where  the  surface  was 
untreated.  The  Red  Bluff  foundation  was  considered  to 
have  the  same  permeability  ^  Zone  IF  and  Zone  2F. 

For  the  evaluation  of  rapid  drawdown,  the  phreatic  line 
was  assumed  to  coincide  with  the  full  reservoir  steady 
state  seepage  phreatic  line  through  Zones  IF  or  2F;  and 


Table  44. 

Summary  of  Design  Parameters  Used  in  Slope  Stability  Analysis  of  Embankment  Dam 

Total  Stress                                   Effective  Stress 
Analyses                                           Analyses 

Zone 

Density 

Gs 

Dry 

(pcf) 

Moist 
(pcf) 

Saturated 
(pcO 

degrees 

tsf 

degrees 

£1 
tsf 

IF 

114 

130 

135 

2.75 

2F 

109 

126 

134 

2.75 

3 

155 

161 

164 

2.91 

4F 

135 

138 

150 

2.85 

Riprap 

125 

127 

144 

2.85 

Foundation 

93 

118 

121 

2.75 

1.0 


33 

0 

30 

0.15 

45 

0 

45 

0 

45 

0 

32 

0.20 
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Table  45.  Summary  of  Results  for  Slope  Stability  Analyses  Performed  During  Design 


Case 


Location 


Design  Criteria 


Analysis 


Factor  of  Safety 


Minimum 
Required 


Minimum 
Computed 


I  Upstream  Water  Surface  Elevation  225—       Effective  stress        1.5 

phreatic  line  horizontal— static 
condition 

II  Upstream  Case  I  with  0.1  g  seismic  Effective  stress         1.2 

factor 

III  Downstream       Steady  seepage— water  surface       Effective  stress        1.5 

elevation  225— flow  net— static 
condition 

rV         Downstream       Case  II  with  0.1  g  seismic  Effective  stress         1.2 

factor  Total  stress  1.1 

V         Upstream  Rapid  drawdown  modified  Effective  stress        1.1 

Total  stress  1.0 


1.9 

1.2 
1.6 


The  infinite  slope  analysis  factors  of  safety  were: 

Factor  of  Safety 

Conditions  Minimum  Required  Minimym  Cpmpytgd 

Static  1.5  1.75 

Seismic  Moist  1.1  1.40 

Seismic  Buoyant  1.1  1.22 


to  coincide  with  the  upstream  face  of  Zone  IF  or  2F.  The 
drawdown  water  surface  was  Elevation  195  for  the  Low 
and  Ruddy  Creek  Dams  and  Elevation  185  for  the  Main 
Dam.  Table  44  presents  the  design  parameters  used  in 
the  stability  analyses. 

Listed  in  Table  45  are  the  stability  conditions  analyzed  us- 
ing slip  circles  and  the  factors  of  safety  required.  Figures 
219  through  221  present  the  critical  circles  and  factors  of 
safety  for  the  different  dam  sections  and  stability  condi- 
tions analyzed.  The  minimum  factors  of  safety  calculated 
for  any  dam  for  a  particular  stability  condition  are  also 
presented  in  Table  45. 


The  computed  infinite  slope  safety  factors  are  for  a  1 .75: 1 
slope,  which  is  the  steepest  upstream  or  downstream 
slope  on  the  Forebay  dam. 


Concrete  Wingwall  Dams 

In  addition  to  the  embankment  dam,  a  concrete  head- 
works  structure  and  two  concrete  wingwall  dams  act  to 
store  water  in  Thermalito  Forebay  Reservoir  (See  Figure 
210).  The  concrete  headworks  structure  was  analyzed  in 
1979  and  determined  to  be  safe  for  future  seismic  load- 
ings (see  Chapter  II  of  this  bulletin). 

Approach  Channel  Wingwall 

The  Approach  Channel  wingwall  is  a  concrete  gravity 
structure  founded  on  the  Middle  Basalt  Flow  (  T^m)- 
This  dam  consists  of  three  monoliths  (A,  B,  &  C)  con- 
nected together  and  to  the  headworks  structure  by  two 
9-inch  polyvinyl  chloride  waterstops  which  bracket  a 
5-inch  asphalt  seal.  The  first  monolith  (A)  is  connected 
to  the  power  plant  and  the  end  monolith  (C)  butts  up  at  a 
0.2:1  slope  against  the  Zone  IF  material  within  the  em- 
bankment dam  at  Station  2  +  08  (see  Figure  222).  The 


287 
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Figure  219.  Summary  of  Slope  SlabUify  Analyses  Performed  during  Design  far  Main  Dam  and 
Foundation  of  Thermalito  Forebay  Dam 


embankment  material  wraps  around  portions  of  all  three 
monoliths  resulting  in  partially  embedded  structures. 

Monoliths  A  and  B  are  35  feet  long  and  Monolith  C  is  30 
feet  long.  All  three  monoliths  have  crest  elevations  of 
231  feet  and  have  variable  base  elevations. 

Approach  Channel  Dam 

The  Approach  Chaimel  Dam  is  a  concrete  gravity  struc- 
ture also  founded  on  the  Middle  Basalt  Flow  (Tym).  This 
dam  runs  from  the  headworks  structure  226  feet  to  the 
right  abutment.  The  dam  consists  of  six  monoliths  (A-1 
through  A-6)  connected  to  each  other  and  to  the  head- 
works  structure  by  two  9-inch  polyvinyl  chloride 
waterstops  which  bracket  a  5-inch  asphalt  seal.  Mono- 
liths A-1  through  A-5  are  40  feet  long;  Monolith  A-6  is 
26  feet  long.  All  six  have  a  crest  elevation  of  231  feet  and 
have  variable  base  elevations.  Monoliths  A-1  and  A-2 
contain  a  grout  and  drainage  gallery  (see  Figure  223). 

Design  Consideration 

Both  concrete  wingwall  dams  were  founded  on  sound  ba- 
salt rock  (Tvm  )  with  the  concrete  designed  to  have  a  mini- 
mum compressive  strength  of  3000  psi.  Special  consid- 
erations included  wrapping  portions  of  the  Approach 
Channel  Wingwall  monoliths  with  embankment  material 
to  prevent  piping  (see  Figure  224)  and  to  install  the  drain- 
age gallery  in  two  of  the  Approach  Channel  Dam  mono- 
liths to  provide  access  to  foundation  relief  drains.  Since 
construction,  the  maximum  flow  from  this  gallery  was  40 
gpm  (measured  in  1970).  Since  1970,  the  flow  has  tapered 
off  to  less  than  1/4  gpm  measured  in  1984.  The  reason  for 
this  decrease  is  not  readily  apparent. 


Embankment  Instrumentation 

The  instrumentation  for  monitoring  structural  perform- 
ance of  the  dam  consisted  of  a  set  of  surface  and  crest 
monuments  on  the  Main  Dam  and  open-tube 
piezometers  downstream  of  the  dam.  The  toe  drain  out- 
falls were  designed  to  allow  measurement  of  seepage  and 
are  considered  instruments.  The  surface  and  crest  monu- 
ments were  limited  to  the  Main  Dam  which  is  the  highest 
section  and  the  closest  to  the  Tail  Channel  excavation. 

It  was  realized  early  in  design  that  seepage  from  the 
Forebay  could  cause  problems  with  the  dam  and  the 
dowstream  area.  Therefore,  water  wells  in  the  area  were 
monitored  semiannually  startmg  in  1957.  The  well  net- 
work was  supplemented  with  the  open-tube  piezometers 
during  and  after  construction  as  discussed  below. 

Seepage  Control  Measures 
During  and  After  Construction 

Several  seepage  control  measures  were  added  during  and 
after  construction  to  supplement  the  seepage  control 
features  in  the  original  design  such  as  the  grout  curtain 
and  cutoff  trench  at  the  main  dam. 

Reservoirs  constructed  on  similar  foundations  had  caused 
problems  for  others  in  the  past  so  the  well  monitoring 
program  was  initiated  early  in  design.  The  wells  were  sup- 
plemented with  open  tube  piezometers  around  Ther- 
malito Afterbay  to  better  identify  pre-project 
groundwater  levels.  Piezometers  were  not  installed  in  the 
Forebay  area  at  that  time  because  the  explorations  had 
shown  that  the  existing  groundwater  levels  were  below 
the  practical  depth  of  piezometers. 
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Figure  220.   Summary  of  Slope  Stability  Analyses  Performed  during  Design  for  Main  Dam  Sections  of  Thermalito  Forebay  Dam 
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Figure  221.  Summary  of  Slope  Stability  Analyses  Performed  during  Design  for  Ruddy  Creek  and  Low  Dam  Sections 
of  ThermaUto  Forebay  Dam 


'11    \~ 


ELCV.  1(9 


100'-  0" 

nj 

;'.1«)«OIIT.5C'-OV 

2-ONOL.TH    *     3 

.■-c" 

\ 

:CLEv.;9i.> 

ILCV.K4S/ 

■ 

) 

,^Le».  t.*  5/ 

ILIV.  lOS.O,'                      •= 

' 

» 

■      fOWEK 

\ 

\!                              ^ A 

^ELEV  l»0.0 

I 

iwsi 
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Figure  222.  Plan  and  Sections  of  Wingwatt  Dam 


The  excavation  for  Thermalito  Powerplant  indicated  that 
the  Red  Bluff  Formation  has  a  high  horizontal  perme- 
ability. Not  only  were  there  pervious  lenses  encountered, 
but  there  were  significant  seeps  at  the  contact  of  two  very 
impervious  members.  Concern  was  then  focused  on  pre- 
venting water  from  entering  into  the  pervious  lenses.  The 
basalt  was  identified  as  a  possible  point  of  entry.  It  was 
examined  and  deemed  a  marginal  source  of  water  and  im- 
practical to  treat.  The  exploration  was  reviewed  to  assure 
that  the  Channel  H  excavation  would  not  cut  into  any  ma- 
jor pervious  Red  Bluff  strata.  On  the  basis  of  laboratory 
soil  gradation  testing,  it  was  found  that  it  would  not.  This 
may  not  have  been  a  valid  conclusion.  In  hindsight,  field 
logs  consistently  indicated  less  silt  and  clay  sizes  in  soil 
samples  than  did  the  laboratory  tests.  Later  review 
showed  that  the  testing  procedures  were  probably  break- 
ing down  larger-sized  particles  of  weathered  alluvium 
into  fines.  The  permeability  of  the  well-graded  gravelly 
sands  is  very  sensitive  to  the  percentage  of  silt  and  clay. 
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Cutoff  Trench  and  Upstream  Blanket 

When  sand  was  first  discovered  in  the  foundation  of  Ther- 
malito Afterbay  Dam,  cutoff  trench  criteria  were  devel- 
oped to  treat  the  various  conditions  disclosed  by  the  exca- 
vation. These  criteria  were  carried  over  to  the  Forebay. 
The  criteria  as  stated  at  the  time  for  the  Afterbay  were: 

1.  Continue  excavation,  as  noted  in  the  Designers' 
Memorandum,  to  a  5-foot  minimum  depth  to  verify 
the  existence  of  the  compact,  cemented  silt  and  lean 
clay  layer  in  the  upper  few  feet  of  the  Red  Bluff  for- 
mation. 

2.  If  an  impervious  material  is  not  found  in  the  excava- 
tion at  the  minimum  depth,  auger  from  the  bottom  of 
the  trench  to  determine  whether  an  impervious  layer 
can  be  reached  within  a  reasonable  excavation  depth. 
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Figure  223.  Plan  and  Sections  of  Approach  Channd  Dam 


If  augering  shows  that  an  impervious  layer  can  be 
reached  with  continuance  of  the  trench  excavation  to 
a  maximum  depth  of  an  additional  S  feet,  the  excava- 
tion will  be  continued  to  the  impervious  layer. 

If  augering  shows  that  an  impervious  layer  cannot  be 
reached  within  the  additional  5  feet  as  noted  in  No.  3, 
or  the  pervious  lens  does  not  pinch  out  in  a  reason- 
able distance  in  a  horizontal  direction,  the  trench  ex- 
cavation will  be  stopped  at  5  feet  and  a  3-foot-thick 
blanket  of  Zone  1 A  material  will  be  placed  upstream 
of  the  dam  for  a  minimum  distance  of  100  feet  normal 
to  the  dam  axis. 

In  a  direction  parallel  to  the  dam  axis,  the  blanket  will 
terminate  at  a  distance  of  100  feet  beyond  those 
points  where  augering  in  the  exploration  trench 
shows  that  the  compact  surface  layer  is  found  to  satis- 
factorily meet  the  requirements  as  noted  in  Items  1, 
2,  and  3. 


6.  The  area  to  be  blanketed  will  be  stripped  of  grass, 
scarified,  moisture  conditioned,  and  compacted  be- 
fore the  Zone  lA  material  is  placed.  If  the  contrac- 
tor's haul  road,  as  it  now  exists,  on  the  afterbay  floor 
is  within  the  100-foot  minimum  blanket  distance,  it 
should  be  tied  into  the  blanket  and  considered  part  of 
the  blanket  without  further  treatment. 

7.  All  auger  holes  will  be  filled  with  impervious  material 
and  tamped  in  such  a  manner  as  to  insure  the  integ- 
rity of  the  existing  foundation. 

The  haul  road  mentioned  above  was  not  as  continuous  in 
the  Forebay  as  it  was  in  the  Afterbay,  where  the  blanket 
joined  with  the  road  provided  a  150-  to  200-  foot  wide  im- 
pervious strip. 

Open  tube  piezometers  were  installed  downstream  of  the 
areas  that  were  blanketed  to  check  the  effectiveness  of 
the  treatment. 
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Figure  224.  Wingwall  Dam  Envelopment  by  Forebay  Main  Dam  Embankment 


Channel  H  Blanket. 


Excavation  to  grade  at  Channel  H  exposed  local  areas  of 
pervious  sand  and  gravel  below  the  zone  of  weathering. 
To  estimate  the  permeability  of  these  materials,  samples 
were  taken  for  mechanical  analysis  and  seepage  rates 
were  observed  by  introducing  water  into  the  pits  from 
which  the  samples  were  taken.  The  excavated  channel 
was  mapped  to  delineate  materials  of  estimated  similar 
permeability.  An  impervious  blanket,  18  inches  thick, 
was  then  compacted  upon  pervious  materials  on  the 
channel  invert  and  south  cut  slope. 

The  Channel  H  excavation  exposed  a  distinct  impervious 
cap  of  clay  and  clayey  sand  at  the  surface  of  the  Red  Bluff 
in  this  area.  A  similar  situation  occurred  in  the  Oroville 


Impervious  Borrow  Area  directly  to  the  south  where  the 
finer  near-surface  material  had  to  be  blended  with  the 
coarse  material  from  below  to  meet  the  specification  re- 
quirements. One  explanation  for  the  existence  of  this  cap 
is  that  it  was  deposited  as  sand  and  gravel  and  had  weath- 
ered in  place. 

During  early  operation,  the  specified  minimum  water  sur- 
face was  not  maintained  in  the  Forebay  and  some  of  the 
impervious  blanket  may  have  been  eroded  by  the  resul- 
tant high  velocities  of  flow  through  the  Forebay. 

Relief  Well  System 

Water  was  first  turned  into  the  Forebay  in  mid-October 
1967,  but  the  reservoir  was  not  brought  to  full  operating 
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Figure  225.  Location  of  Tail  Channel  Seepage  Area  Downstream  of  Thermalito  Forebay  Dam 
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level  until  early  December  1967.  On  November  14, 1967, 
air  was  noted  being  forced  out  of  piezometer  P-63,  just 
south  of  the  Nelson  Avenue  Bridge.  By  December  18, 
1967,  the  flow  of  air  ceased  as  the  water  level  in  the 
piezometer  had  risen  gradually  to  cover  the  perforated  in- 
terval of  pipe.  During  January  and  February  1968,  the 
water  level  in  P-63  rose  at  the  rate  of  3  to  4  feet  per  week. 
In  order  to  provide  pressure  relief  if  the  piezometric  level 
rose  to  ground  elevation,  seven  relief  wells  (P-116 
through  P-122)  were  drilled  in  the  vicinity  of  P-63  in  late 
February  and  early  March  1968. 

By  early  April  1968,  the  water  level  in  P-63  had  reached 
ground  elevation,  and  one  of  the  relief  wells  (P-118)  be- 
gan flowing. 

The  water  level  in  P-63  continued  to  rise  so  a  shallow 
trench  was  dug,  and  the  relief  wells  were  cut  off  in  an  at- 
tempt to  lower  the  water  level.  There  was  considerable 
delay  in  obtaining  the  collector  pipe  ordered  for  the 
trench  and  it  was  left  open  approximately  one  year.  A 
portable  pump  was  used  to  lift  the  water  back  into  the 
Forebay.  This  system  was  not  effective  in  lowering  the 
water  level  to  the  ground  surface  as  desired,  and  a  second 
series  of  eleven  wells  were  installed  in  September  1968. 
After  thorough  cleaning  and  development,  the  wells 
were  permitted  to  flow  into  the  open  ditch.  In  June  1969, 
this  system  was  improved  by  cutting  off  the  wells  at  about 
4  feet  below  ground  level  and  installing  a  10-inch  perfo- 
rated asbestos  cement  pipe  to  interconnect  the  relief 
wells.  A  sump,  100  gpm  submersible  pump,  and  perma- 
nent 4-inch  asbestos  cement  pipe  discharge  line  were 
added  later  in  1969.  It  has  been  effective  at  holding  the 
piezometric  level  near  the  ground  surface. 

All  relief  well  holes  drilled  were  dry  for  at  least  their  first 
10  feet  of  depth.  This  agrees  with  the  impervious  cap  the- 
ory discussed  previously. 

Tail  Channel  Seepage 

Excavation  of  the  Tail  Channel  slope  below  the  Main 
Dam  exposed  several  pervious  layers  of  sandy  soil  (Figure 
225).  These  layers  have  been  seeping  water  since  the  fill- 
ing of  the  reservoir.  Although  the  seepage  was  not  ob- 
served to  be  carrying  any  soil  particles,  the  seepage  had 
resulted  in  minor  sloughing  and  sliding  of  material  imme- 


diately above  the  access  road.  To  remedy  the  problem, 
portions  of  the  cut  face  above  the  road  were  excavated  in 
1986  and  replaced  with  compacted  angular  gravel  under- 
lain by  filter  fabric.  This  solution  was  intended  to  permit 
free  flow  of  seepage  out  of  the  cut  face  while  preventing 
both  the  migration  of  fine  soil  particles  and  the  sloughing 
of  saturated  soils.  The  repair  has  performed  as  expected 
to  date. 

Current  Evaluation  of  the 
Embankment  Performance 

The  locations  of  all  the  instrumentation  installed  since 
construction  of  Thermalito  Forebay  Dam,  are  shown  on 
Figures  226  through  229.  The  current  data  presented  in 
this  report  are  from  Division  of  Operation  and  Mainte- 
nance Summary  of  Semiannual  Surveillance  Dara,  October 
1982. 

Piezometers 

Eighteen  piezometers  were  installed  at  the  Forebay. 
Most  of  these  were  located  near  the  toe  of  the  dam  to 
monitor  the  ground  water  conditions  (Figure  226). 

These  piezometers  have  continued  to  follow  their  previ- 
ously established  trends  by  responding  to  reservoir  levels 
and  precipitation  increases  without  any  sharp  increases  or 
decreases  in  pressures.  The  highest  downstream  ground 
water  condition  exists  at  P-64  near  the  Nelson  Avenue 
Bridge.  Piezometers  144  and  122  (also  near  the  Nelson 
Avenue  Bridge)  average  approximately  2  feet  lower  than 
P-64.  Piezometer  116  and  143  were  taken  out  of  service 
along  with  Piezometers  142  and  163.  Since  the  time  of 
installation.  Piezometers  61  and  68  have  gone  dry. 

Embankment  Toe  Drain  Outlets 

The  toe  drains  are  continuous  between  Stations  45  -I-  00 
and  155  +  00  and  between  Stations  4-1-20  and  15  -I-  37  with 
five  toe  drain  outlets  (Figures  226  and  227).  These  drain 
outlets  respond  to  precipitation,  indicaimg  good  drain- 
age on  the  downstream  side.  During  the  winter  of  1982, 
the  average  flow  was  30  gpm  whereas  summer  flows  aver- 
aged 12  gpm. 

Seepage  Relief  System 

The  seepage  relief  system  was  installed  late  in  1968  to  re- 
duce the  high  ground  water  that  had  developed  south  of 
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Figure  226.  Location  of  Piezometers  and  Toe  Drain  Outlets  along  Thermalito  Forebay  Dam 
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Figure  227.  Location  of  Seepage  Relief  System  at  Thermalito  Forebay  Dam 
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Figure  228.  Location  of  Survey  Monuments  at  Thermalito  Forebay  Main  Dam 
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Figure  229.  Location  of  Crest  Afonuments  at  Thermalito  Fordtay  Ruddy  Creek  Area 


{ 


the  Nelson  Avenue  Bridge.  The  system  currently  consists 
of  16  relief  wells,  collector  line,  sump,  100  gpm  pump, 
and  discharge  line  to  the  reservoir  (Figure  227).  The 
ground  water  elevation  is  held  below  Elevation  210  feet 
by  the  seepage  relief  system  as  confirmed  by  readings  in 
the  affected  piezometers  (P-1 16,  P-144,  and  P-122).  The 
pumping  rate  to  maintain  this  water  level  is  fairly  con- 
stant at  approximately  75  gpm. 

Tail  Channel  Seepage  Area 

Prior  to  1986,  the  seepage  in  the  tail  channel  cut  was 
monitored  at  the  two  culverts  in  the  tail  channel.  At  these 


culverts  only  seepage  flows  above  the  service  road  were 
measurable.  This  is  estimated  to  have  been  approxi- 
mately 30  percent  of  the  known  seepage  area  determined 
from  geological  records  (Figure  225).  This  seepage  was 
measured  at  tail  channel  Stations  28  -t-  41  and  24  +  45,  and 
flows  were  somewhat  erratic.  The  ertatic  readings  were 
caused  by  various  factors,  one  being  that  the  ditches  were 
periodically  cleared.  This  clearing  and  regrading  process 
changed  the  flow  pattern  so  that  an  increased  flow  in  one 
culvert  could  cause  a  corresponding  decrease  in  the 
other.  The  sum  of  the  two  flows  was  approximately  140 
gpm.   This  total  seepage  did  not  seem  to  be  increasing 
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when  compared  to  low  precipitation  periods  of  previous 
years,  thus  indicating  a  stable  condition. 

Crest  and  Embankment  Monuments 

Fourteen  monuments  are  located  on  the  high  embank- 
ment adjacent  to  the  Thermalito  Powerplant  Intake 
Structure  (Figure  228).  There  are  five  crest  monuments 
(Nos.  1  through  5)  and  nine  embankment  monuments 
(Nos.  lA  through  5A  and  IB  through  4B)  on  the  down- 
stream slope.  Elevations  are  taken  at  all  of  these  monu- 
ments and  horizontal  offsets  are  measured  at  Crest 
Monuments  3,  4,  and  5.  Nine  crest  monuments  were  in- 
stalled between  Stations  125-1-00  and  152-1-55  on  the 
Ruddy  Creek  and  Low  Dams  in  June  1973  (Figure  229). 

Vertical  and  Horizontal  Movements 

The  results  of  surveys  between  December  1967  and  July 
1982  indicate  only  minor  movements  have  taken  place  at 
the  monuments.  The  maximum  vertical  movement  at  the 
Main  Dam  was  0.06  feet  of  settlement  measured  in  July 
1981  at  Crest  Monument  4  (Station  10-1-00).  The  maxi- 
mum vertical  movement  measured  at  either  the  Ruddy 
Creek  Dam  or  Low  Dam  was  0.02  feet. 


Creek  and  Low  Dams  from  June  1973  to  July  1982  indi- 
cated maximum  horizontal  offsets  of  0.02  feet  down- 
stream at  Station  130  -I-  00  and  0.02  feet  upstream  at  Sta- 
tion 146 -t- 05. 

Figures  230  through  234  present  the  deformations  meas- 
ured over  time  for  the  surveyed  monuments.  As  these 
figures  show,  no  abrupt  change  in  deformation  resulted 
after  the  occurrence  of  the  1975  Oroville  earthquake. 

General  Conditions 

A.  Inspections 

The  field  division  personnel  make  frequent  inspec- 
tions while  obtaining  instrumentation  readings  and 
other  activities  at  the  dams. 

B.  Riprap 

The  riprap  at  the  dam  appears  to  be  in  excellent  con- 
dition determined  by  visual  inspection. 

C.  Rodent  Activity 
None. 

Assessment  of  Performance 


Horizontal  offsets  measured  at  three  crest  Main  Dam 
monuments  show  a  maximum  movement  of  0.07  feet 
downstream  measured  between  August  1968  and  July 
1982.     Monitoring  of  crest  monuments  at  the  Ruddy 


Based  on  the  analysis  of  performance,  the  data  contained 
in  this  report,  and  inspections  of  this  facility,  Thermalito 
Forebay  Dam  is  in  good  condition,  well  maintained,  and 
performing  satisfactorily. 
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Figure  230.  Vertical  Movements  Measured  at  Thertnalito  Forebay  Main  Dam  Crest  Monuments 
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Figure  231.  Vertical  Movements  Measured  at  Thermtdito  Forebay  Main  Dam  Slope  Monuments 
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Figure  232.  Horizontal  Movements  Measured  at  Thermalito  Forebay  Main  Dam  Crest  Monuments 
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Figure  233.  Vertical  Movements  Measured  at  Thermalito  Forebay  Ruddy  Creek  Area  Crest  Monuments 
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Figure  234.  Horizontal  Movements  Measured  at  Thermalito  Ruddy  Creek  Area  Crest  Monuments 
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Figure  235.  Configuration  of  SPT  Hammers  (Adapted  fi-om  Steinberg,  1 981) 


3.  EXPLORATION,  SAMPLING,  AND  FIELD  TESTING 


Introduction 

The  exploration  program  was  principally  performed  to  lo- 
cate and  delimit  foundation  materials  beneath  the  em- 
bankment that  could  conceivably  liquefy.  The  major  tool 
in  this  endeavor  was  the  Standard  Penetration  Test 
(SPT).  Sandy  materials  were  considered  suspect  if  their 
corrected  SPT  blowcounts  were  less  than  30. 

Standard  Penetration  Test  Procedures 

The  SPT  test  consists  of  driving  a  2.0-inch  O.D.  split- 
spoon  sampler  into  the  soil  at  the  bottom  of  a  borehole. 
The  sampler  is  driven  by  raising  a  140-lb.  hammer  weight 
30  inches  and  letting  it  drop  onto  an  anvil  mounted  on  the 
drill  rods  connected  to  the  sampler.  The  SPT  blowcount 
or  N  value  is  the  number  of  such  drops  or  blows  required 
to  drive  the  sampler  the  last  12  inches  of  an  18-inch  drive. 
To  ensure  that  consistent  test  procedures  were  followed, 
all  tests  were  supervised  by  a  DWR  geologist.  Almost  all 
of  the  SPT  tests  performed  at  Thermalito  Forebay  Dam 
employed  the  following  test  procedures: 

a.  SPT  boreholes  were  drilled  using  bentonite  drilling 
mud  and  a  4.5-inch  upward  deflecting,  baffled  drag 
bit. 

b.  Mobile  B-6 1  drill  rigs  and  both  upset  wall  and  paral- 
lel wall  NW  drill  rods  were  used. 

c.  The  split  spoon  samplers  had  2.0-inch  outside  diame- 
ters, 1.38-inch  I.D.  at  the  drive  shoe,  and  a  1.5-inch 
I.D.  within  the  barrels  (i.e.  room  for  liners  but  no  lin- 
ers used). 

d.  140-lb.  safety  hammers  were  used  together  with 
30-inch  drops  (mark  painted  on  hammer  guide  rods). 
The  SPT  hammers  were  raised  and  released  using  2 
wraps  of  a  1-inch  "new"  manila  rope  around  a  rotat- 


ing 8-inch-diameter  cathead.  The  "new"  ropes  were 
used  in  an  attempt  to  maintain  uniform  energy. 

SPT  Blowcount  Corrections  for  Use  with 
Seed  and  Idriss  (1982)  Correlation 

The  SPT  correlation  used  to  predict  liquefaction  resis- 
tance at  Thermalito  is  the  one  developed  by  Seed  and 
Idriss  (1982).  To  account  for  procedural  differences  be- 
tween the  tests  performed  at  Thermalito  Forebay  Dam 
and  the  tests  used  in  developing  this  correlation,  correc- 
tion factors  were  applied  to  the  SPT  blowcounts.  These 
procedural  differences  principally  involve  the  amount  of 
hammer  energy  delivered  to  the  drill  rods  and  the  con- 
figuration of  the  SPT  sampler.  In  the  Seed  and  Idriss 
(1982)  correlation,  the  results  were  apparently  intended 
for  use  with  traditional  American  SPT  hammer  equip- 
ment. The  traditional  American  SPT  hammer  has  been  a 
"donut"  shaped  hammer  (see  Figure  235).  Typically,  a 
"donut"  hammer,  when  used  with  an  "old"  rope  wrapped 
two  to  three  times  around  a  rotating  cathead,  delivers  to 
the  drill  rods  approximately  45  percent  of  the  theoretical 
free-fall  energy  of  a  140-lb.  weight  falling  30  inches  (see 
Kovacs  et  al.,  1981). 

At  Thermalito  Forebay  Dam,  "safety"  hammers  were 
used  to  obtain  SPT  blowcounts  (see  Figure  235).  Since 
"safety"  hammers  are  more  efficient  than  "donut"  ham- 
mers in  transmitting  energy,  the  blowcounts  need  to  be 
corrected.  Figure  236  presents  results  from  comparison 
tests  conducted  at  Thermalito  Afterbay,  which  show  that 
a  "donut"  hammer  produces  about  a  35  percent  higher 
blowcount  than  does  a  "safety"  hammer  for  the  same  rope 
and  cathead  release  system. 

The  SPT  test  energies  at  Thermalito  are  also  higher  than 
traditional  American  practice  because  "new"  ropes  were 
used  throughout  the  exploration  program.  To  estimate 
the  SPT  energies  used  in  the  evaluations  of  Thermalito 
Afterbay  and  Forebay  Dams,  velocity  measurements 
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were  made  by  the  United  States  Bureau  of  Standards  at 
Thermalito  Afterbay  in  1982  (Reference  52).  Results 
showed  that  the  safety  hammers  used  at  Thermalito  had 
approximately  70  percent  of  the  theoretical  free-fall  en- 
ergy at  hammer  impact.  Attempts  to  measure  the  ener- 
gies delivered  through  the  anvil  were  unsuccessful.  How- 
ever, safety  hammers  are  generally  very  efficient  and  av- 
erage approximately  95  percent  in  the  amount  of  energy 
transmitted  through  the  anvil  to  the  drill  rods.  Conse- 
quently, a  rod  energy  of  about  67  percent  of  the  theoreti- 
cal free-fall  energy  can  be  assumed  for  the  Thermalito 
SPT  tests  (70%  X  0.95  =  67%). 

The  other  principal  difference  between  the  Thermalito 
SPT  procedures  and  the  Seed  and  Idriss  (1982)  proce- 
dures involves  sampler  configuration.  The  data  in  the 
Seed  and  Idriss  (1982)  correlation  were  collected  with 
SPT  samplers  having  a  constant  1.38-inch  inside  diame- 
ter. However,  the  Thermalito  SPT  samplers  have  a 
1.38-inch  inside  diameter  at  the  shoe  but  a  1.5-inch  in- 
side diameter  within  the  barrel.  The  effect  of  having  a 
larger  sampler  barrel  results  in  a  10  to  35  percent  de- 
crease in  SPT  resistance  (Reference  72). 

Table  46  summarizes  the  development  of  a  correction 
factor  to  account  for  procedural  differences  in  SPT  test- 
ing. Depending  on  what  value  is  chosen  to  account  for  the 
effect  of  the  different  barrel  size,  the  correction  factor 
varies  from  1.6  to  2.0.  A  correction  factor  of  1.5  was  con- 
servatively chosen  to  match  the  procedures  used  in  the 
Seed  and  Idriss  (1982)  correlation.  An  additional  correc- 
tion factor,  Cn,  is  also  used  to  correct  the  blowcount  for 
different  overburden  pressures.  Figure  237  presents  the 
Cn  values  used  to  standardize  SPT  resistance  to  that 
which  would  be  obtained  at  1  tsf  overburden  pressure. 

SPT  Blowcount  Corrections  for  Use  with  Seed 
(1987)  Correlation 

To  estimate  the  post-earthquake  residual  strength  of 
liquefied  soil,  the  SPT  correlation  developed  by  Seed 
(1987)  was  used.  In  this  correlation,  a  rod  energy  equal  to 
60  percent  of  the  theoretical  free  fall  energy  is  assumed. 
In  addition,  a  constant  1.38-inch  inside  diameter  is  used. 
To  use  the  Seed  (1987)  correlation,  uncorrected  Ther- 
malito SPT  blowcounts  are  increased  by  30  percent  for 


procedural  effects  (see  previous  discussion  and  Table  46). 


SPT  Notation 

The  following  notation  is  used  to  define  the  different  SPT 
blowcount  expressions: 

N  =        Uncorrected  Thermalito  SPT  blowcount 

measured  in  the  field. 

A^i  =  Thermalito  SPT  blowcount  corrected  to  1 
tsf  overburden  pressure,  Ni  =  Cjv  x  N 
(see  Figure  237). 

Nai  =  Thermalito  SPT  blowcount  corrected  for 
both  overburden  pressure  and  procedural 
differences,  Nai  =  Ni  x  1.5  (see  Table 
46).  This  is  the  blowcount  applicable  with 
the  Seed  and  Idris  (1982)  correlation. 

(A'^i )  60  =  Thermalito  SPT  blowcount  corrected  for 
both  overburden  pressure  and  procedural 
differences,  (NOso  =  A^i  x  1.3  (see 
Table  46).  This  is  the  blowcount  applica- 
ble for  use  with  the  Seed  (1987)  correla- 
tion. 

Chronological  Summair  of  Field  Testing 

Field  explorations,  testing,  and  sampling  were  conducted 
in  five  distinct  programs: 

1976 

1978 

1979-1980 

1981-1982 

1984 

Most  of  the  boreholes  were  drilled  along  the  downstream 
toe  of  the  dam.  Figures  238  and  239  present  plan  views  of 
the  dam  showing  the  locations  of  most  of  the  explora- 
tions. 

1976  Program 

The  initial  investigation  was  a  very  limited  attempt  to  de- 
fine the  foundation  profile  along  the  Forebay  Dam.  Five 
borings,  numbered  D-9  through  D-13,  were  drilled  to 
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Table  46.  Estimated  EfTects  of  Procedural  DifTerences  on  SPT  Blowcounts 


SPT  Procedures  employed 
at  Thermalito  Forebay  Dam 


SPT  Procedures  for  use  with 

Seed  and  Idriss  (1982) 

SPT  Correlation-H- 


Correction 
Factor* 


SPT  Procedures  for  use  with 

Seed  (1987) 
SPT  Correlation 


Correction 
Factor* 


Sampler  driven  by 
140-lb.  "Safety"  1 
raised  30  inches  and 
released  using  2  turns  of 
a  1-in.  "new"  manllla  rope 
around  a  rotating  cathead. 
Energy  delivered  to  the 
drill  rods  estimated  to  be 
approximately  67Z  of  the 
theoretical  free  fall 
energy. 


Sampler  driven  by  a 
140-lb.  "Donut 
raised  30  inches  and 
released  using  2  to  3  turns 
of  a  1-in.  "old"  manilla 
rope  around  a  rotating 
cathead.   Energy  delivered 
to  the  drill  rods  estimated 
to  be  approximately  *5Z  of 
the  theoretical  free  fall 
energy . 


Sampler  is  driven  by  a 
hammer  and  anvil  system 
where  the  energy  delivered 
to  the  drill  rods  is  equal 
to  60Z  of  the  theoretical 
free  fall  energy. 


Sampler  consists  of  a 
2.0-in.  O.D.  split  spoon 
with  an  I.D.  at  the  shoe 
of  1.38  inches  and  an  I.D. 
within  the  barrel  of 
approximately  1.5  inches. 


Sampler  consists  of  a 
2.0-in.  O.D.  split  spoon 
with  a  constant  I.D.  of 
1.38  inches  within  both  the 
shoe  and  the  barrel. 


1.1  to  1.35 


Sampler  consists  of  a 
2.0-in.  O.D.  split  spoon 
with  a  constant  I.D.  of 
1.38  inches  within  both  the 
shoe  and  the  barrel. 


1.1  to  1.35 


Uncorrected  Thermalito 
Forebay  SPT  blowcounts 
are  given  the  symbol 


TOTAL  CORRECTION  FACTOR  FOR  PROCEDURAL 
DIFFERENCES  -  1.49  x  (1.1  to  1.35) 
-  1.64  to  2.01 

IN  VIEW  OF  THE  NECESSITY  TO  MAKE 
ASSUMPTIONS  REGARDING  PROCEDURES  FOR 
THIS  CORRELATION,  A  CONSERVATIVE  VALUE 
OF  1^  WAS  ADOPTED. 

Thermalito  Forebay  SPT  blowcounts 
corrected  by  the  1.5  factor  to  this  set 
of  procedures  and  also  corrected  for 
overburden  pressure  are  given  the  symbol 

"ai 


TOTAL  CORRECTION  FACTOR  FOR  PROCEDURAL 
DIFFERENCES  -  1.12  x  (1.1  to  1.35) 
=  1.23  to  1.51 

FOR  COMPARISON  PURPOSES,  AN  AVERAGE 
CORRECTION  FACTOR  OF  1^  WAS  ADOPTED. 


Thermalito  Forebay  SPT  blowcounts 
corrected  by  the  1.3  factor  to  this  set 
of  procedures  and  also  corrected  for 
overburden  pressure  are  given  the  symbol 


(N, ) 


1  60 


Denotes  that  this  correction  factor  is  the  value  needed  to  correct  Thermalito  Forebay  SPT  blowcounts 
procedural  difference  in  order  to  be  used  with  this  correlation. 


Denotes  that  the  ha 


with  this  correlation  had  to  be  estimate 
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Figure  236.  Comparison  of  SPT  N— Values  with  Donut  and  Safely  Hammers 


depths  of  12  feet  to  25  feet  along  the  toe  of  the  Low  and 
Ruddy  Creek  Dams  as  shown  in  Figure  239,  page  314. 
Coring  for  these  boreholes  was  by  a  Pitcher  barrel  sam- 
pler. These  samples  were  extruded  on  site  for  visual  clas- 
sification. From  these  samples,  a  general  foundation  pro- 
file was  revealed  to  consist  of  a  4  to  12-foot-thick  surface 
layer  of  dense  clay  underlain  by  a  mixture  of  well  and 
poorly  graded  sands,  along  with  clayey  and  silty  sands. 


1978  Program 

Eight  borings  (TFS-1,  TFS-2,  and  TFS-4  through 
TFS-4E)  were  drilled  at  the  Main  Dam  and  two  borings 
(TFS-3  and  TFS-3A)  were  drilled  at  approximately  Sta- 
tion 82  along  the  Low  Dam.  As  shown  in  Figures  238  and 
239,  some  of  these  borings  were  drilled  through  the  crest 
as  well  as  along  the  toe. 


In  these  sand  layers,  nine  SPT  tests  were  performed  and 
11  samples  for  cyclic  triaxial  testing  were  obtained  with 
the  2.5-inch  DWR  thick-walled  sampler.  All  corrected 
blowcounts  (Nai)  were  above  20  blows  per  foot. 


At  the  Main  Dam,  seven  of  the  borings  were  drilled  for 
undisturbed  sampling  of  the  foundation  to  depths  of  30  to 
87  feet.  The  samples,  mainly  sands,  were  obtained  for  cy- 
clic triaxial  testing.  These  samples  included  12  pitcher 
barrel  tubes,  6  Shelby  push  tubes,  and  8  piston  samples. 
In  three  of  the  borings,  piezometers  were  installed ,  which 
indicated  a  downstream  water  table  at  Elevation  171  feet. 


Standard  Penetration  Tests  were  perfonned  in  only  one 
boring  at  the  toe  of  the  Main  Dam.  Except  for  the  use  of 
"A"  drill  rods  rather  than  "NW"  rods,  the  SPT  test  proce- 
dures used  in  this  program  were  the  same  as  those  de- 
scribed in  previous  sections.  Results  of  the  SPT  tests 
showed  a  20-foot-thick  surface  layer  of  dense  clay  under- 
lain by  13  feet  of  suspect  sands  (A'^^i  <  30)  in  the  founda- 
tion at  the  Station  11  area  (Figure  240,  page  316). 

At  the  Low  Dam,  two  sampling  borings— one  at  the  crest 
and  one  at  the  toe— were  drilled  50  feet  into  the  founda- 
tion near  Station  82.  Fourteen  Pitcher  barrel  samples 
were  obtained  for  lab  testing.  Additional  Pitcher  tube 
samples  were  extruded  on  the  site  for  visual  classification. 
Both  borings  encountered  a  17-foot-thick  surface  layer 
of  stiff  clay  underlain  by  a  7-  to  1 1-foot  layer  of  compact 
silty  sand  in  the  foundation  (Figure  245,  page  326). 

To  define  the  shear  moduli  of  the  foundation,  downhole 
shear  wave  velocity  tests  were  performed  at  the  Station  1 1 
and  82  areas  to  depths  of  70  to  80  feet.  Results  presented 
in  Figures  251  and  252  show  that  the  alluvial  soils  in 
these  areas  have  shear  wave  velocities  between  740  and 
1850  fps.  However,  sound  rock,  defined  by  a  minimum 
shear  wave  velocity  of  2500  fps,  was  not  encountered  in 
the  depths  explored. 

1979-1980  Program 

This  third  exploration  phase  was  performed  to  delimit  the 
suspect  sand  layer  between  the  Main  Dam  and  the  tail 
channel  cut  and  to  define  the  foundation  conditions  to  a 
500-foot  depth  at  the  Main  Dam.  Additional  explora- 
tions were  also  made  to  discover  the  possible  presence  of 
suspect  sands  along  the  Low  Dam  (see  Figures  238 
through  250,  pages  312  through  337). 

Five  SPT  borings  were  drilled  between  the  Main  Dam  and 
the  Tail  Channel  to  depths  of  50  feet.  These  borings  show 
a  relatively  low  blowcount  sand  layer  (Nai  =  12  to  30) 
located  between  Elevations  150  and  165  feet  (Figure 
241).  At  the  Low  Dam,  10  SPT  borings  were  spaced  at 
1,000-foot  intervals.  These  borings  were  drilled  to 
depths  of  30  to  40  feet  into  the  foundation.  Only  one  of 
these  borings,  79-112  SPT,  indicated  suspect  sands 
(Nm  <  30)  in  the  foundation  (see  Figure  247).  The  same 
equipment  and  procedures  were  used  for  standard  pene- 


tration testing  as  were  employed  in  1978.  One  hundred 
forty-six  bag  samples  from  the  SPT  tests  were  subjected 
to  laboratory  classification  tests. 

In  the  Station  10  area,  Borehole  79-10  was  drilled  to  505 
feet  to  define  the  foundation  characteristics  for  dynamic 
response  analyses.  Eleven  SPT  tests  were  performed 
within  the  alluvial  soil  in  this  borehole  and  10  bag  samples 
were  collected.  Between  depths  of  82  and  259  feet,  basalt 
was  encountered.  Sedimentary  rock  from  the  lone  For- 
mation was  found  between  259  and  505  feet.  Twenty-one 
core  samples  of  basalt  and  lone  Formation  were  ob- 
tained, and  downhole  shear  wave  velocities  were  meas- 
ured (see  Figure  253). 

Twenty-six  hand-carved  samples  for  cyclic  triaxial  testing 
were  obtained  from  foundation  sand  layers  exposed  in  the 
tail  channel  cut  slope  at  the  Main  Dam.  Eighteen  sam- 
ples were  hand-carved  tubes  and  eight  were  hand-carved 
blocks.  As  shown  in  Figure  238,  the  hand-carved  tube 
samples  were  obtained  closer  to  the  Main  Dam  than  the 
block  samples.  It  should  also  be  noted  that  the  tube  sam- 
ples contained  uncemented  sands  while  the  block  sam- 
ples were  obtained  from  partially  cemented  sands.  SPT 
borings  located  near  both  sampling  sites  indicated  A^^i 
values  of  between  23  and  33  (Figures  240  and  241). 

1981-1982  Program 

This  exploration  program  was  designed  to  finish  identify- 
ing all  possible  areas  of  suspect  sands,  obtain  samples  of 
these  sands,  and  determine  the  ground  water  elevation  at 
the  Main  Dam.  As  before,  areas  of  suspect  sands  were 
identified  by  the  SPT  borings,  and  disturbed  samples  of 
low  blowcount  soils  were  obtained  with  the  SPT  split- 
spoon  sampler.  Undisturbed  samples  were  recovered 
with  a  hydraulic  fixed-piston  sampler.  To  determine  if 
the  suspect  sands  were  below  the  ground  water  table, 
standpipe  piezometers  were  installed  in  the  sand  layers  at 
the  Main  Dam,  both  at  the  toe  and  beneath  the  crest. 

At  the  Main  Dam,  SPT  borings  were  used  to  determine 
the  extent  of  the  suspect  foundation  sands  identified  in 
previous  exploration  programs.  At  the  end  of  this  pro- 
gram, the  maximum  spacing  between  SPT  borings  along 
the  Main  Dam  was  less  than  100  feet  (see  Figure  238.) 
Along  the  Low  and  Ruddy  Creek  Dams,  SPT  borings 
were  placed  every  250  feet  in  an  effort  to  discover  possi- 
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ble  suspect  sands.  Up  to  four  different  Mobile  B-61  drill 
rigs  were  used  during  this  program.  To  ensure  a  legiti- 
mate comparison  among  SPT  values  taken  by  different 
drill  rigs,  a  blowcount  correlation  study  with  the  four  rigs 
was  performed  at  two  sites  at  Thermalito  Afterbay.  All 
rigs  obtained  SPT  blowcounts  within  3  blows  per  foot  of 
the  average  blowcount.  This  minor  variation  was  attrib- 
uted principally  to  material  variations  (see  Chapter  III). 
SPT  test  procedures  used  in  this  program  were  those  out- 
lined at  the  beginning  of  this  section. 

Between  1981  and  1982,  a  total  of  30  SPT  borings  were 
drilled  at  the  Main  Dam  and  64  at  the  Low  and  Ruddy 
Creek  Dams  (see  Figures  238  and  239).  Laboratory  classi- 
fication tests  were  conducted  on  880  SPT  samples  ob- 
tained from  these  borings.  "Undisturbed"  samples  were 
obtained  with  a  hydraulic  fixed  piston  sampler.  Three- 


inch-diameter,  24-inch-long  stainless  steel  Shelby  tubes 
were  used.  Sampling  locations  were  chosen  in  suspect 
sand  layers,  where  several  SPT  borings  defined  soil  layers 
with  consistent  blowcounts  over  a  horizontal  extent.  Such 
areas  were  generally  established  by  drilling  three  SPT 
boreholes  in  a  triangular  pattern,  approximately  10  to  20 
feet  on  a  side.  If  the  SPT  blowcount  obtained  in  all  three 
boreholes  for  a  particular  elevation  were  relatively  close, 
then  piston  samples  would  be  obtained  from  the  interior 
of  the  SPT  borehole  triangle.  Piston  samples  were  taken 
at  the  same  depths  as  were  SPT  tests  in  order  to  relate 
laboratory  strength  with  penetration  test  resistance. 

Figures  254  through  260  present  SPT  data  and  borehole 
locations  for  the  1981-82  "undisturbed"  sampling  sites. 
Table  47  (see  page  338)  summarizes  the  average  SPT 
blowcount  assigned  to  the  samples.  Due  to  the  variation 
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of  suspect  sands  in  both  horizontal  and  vertical  extent, 
consistent  sample  sites  were  difficult  to  find  (see  Figures 
242  through  250).  Approximately  10  percent  of  the  sam- 
ples were  lost  during  sampling  due  to  the  sample  falling 
out  of  the  tube  or  gravel  severely  bending  the  tube.  Of 
the  retrieved  samples,  83  percent  had  full  recovery.  The 
remaining  retrieved  samples  had  90  percent  recovery. 


To  minimize  disturbance  of  the  piston  samples,  great  care 
was  taken  in  their  handling.  Sampling  was  supervised  by 
an  engineer  and  a  geologist.  After  the  sample  was  re- 
moved from  the  boring,  it  was  trimmed,  measured,  and 
placed  in  a  sample  transportation  box.  This  box  was  pad- 
ded with  foam  around  each  tube  to  reduce  disturbance 
during  transportation.  For  samples  of  fine  soil,  solid 
packers  were  placed  on  both  ends  of  the  samples.  For 
samples  of  sandy  soils,  perforated  packers  with  filter  pa- 
per were  placed  on  the  bottom  end  of  the  samples  to  al- 
low drainage.  Samples  of  sandy  soils  were  allowed  to 
drain  for  one  week  before  they  were  transported  to  the 
lab.  After  the  drainage  period,  the  samples  were  meas- 
ured and  quantity  of  drainage  water  noted.  The  sample 
box  was  then  placed  on  a  mattress  in  a  van  and  tied  down 
with  ropes  to  prevent  tipping  during  the  approximately 
IQO-mile  drive  to  the  lab. 


Cone  Penetrometer  Soundings 


In  1982,  eleven  cone  penetrometer  soundings  were  per- 
formed near  Stations  9, 68, 74,  and  112.  These  soundings 
were  intended  to  delimit  potential  suspect  sands.  Al- 
though layers  with  low  cone  resistance  were  found,  the 
high  resistance  measured  on  the  penetrometers  friction 
sleeve  indicated  that  the  soils  were  clayey.  Since  other  ex- 
plorations indicated  that  the  suspect  soils  were  cohesion- 
less  in  situ,  the  cone  penetrometer  results  were  not  used; 
instead,  additional  SPT  boreholes  were  used  to  define 
suspect  sand  layers. 


1984  Program 


were  drilled  at  the  Low  Dam  in  the  Station  112  Area 
(84F-112SPT,  84F-C112SPT,  and  84F-113SPT).  These 
borings  were  drilled  to  obtain  site  specific  embankment 
and  foundation  data  for  the  determined  critical  sites  of 
the  seismic  evaluation  (Figures  238  and  239).  Fourteen 
undisturbed  push  samples  of  the  Main  Dam  embankment 
and  eight  undisturbed  samples  of  the  Low  Dam  embank- 
ment were  obtained  to  determine  embankment  static 
strengths.  Four  additional  undisturbed  push  samples  at 
the  Main  Dam  and  eight  undisturbed  push  samples  at  the 
Low  Dam  were  obtained  in  shallow  foundation  clays  and 
clayey/silty  sands  to  determine  static  and  cyclic  strengths 
of  this  material.  Standard  Penetration  Tests  were  also 
performed  in  foundation  materials  in  the  Low  Dam 
borings  to  enhance  previous  SPT  data  and  layering  defini- 
tion. Bag  samples  of  this  material  were  taken  for  labora- 
tory classification.  In  addition,  piezometers  were  in- 
stalled at  the  Low  Dam  crest  and  toe  within  the  founda- 
tion silty  sand  layer  to  better  define  the  phreatic  surface 
through  the  dam. 

Characteristics  of  Red  Bluff  Formation  Soils 


Over  the  years,  the  exploration  programs  have  revealed 
the  complexity  of  the  Red  Bluff  formation.  At  the  Main 
Dam,  this  alluvial  formation  is  approximately  80  feet 
thick  and  lies  above  the  basaltic  Lovejoy  Formation.  The 
Red  Bluff  Formation  is  composed  generally  of  unce- 
mented  fluvial  (stream  deposited)  sediments  represent- 
ing a  great  variety  of  source  rocks  originating  in  the  Sierra 
Nevada  and  the  nearby  foothills.  These  sediments  vary 
not  only  by  soil  type  but  also  by  density  and  areal  extent, 
as  shown  in  Figures  241  through  250. 


Near  the  project  area,  the  ancestral  Feather  River  wan- 
dered between  its  present  course  and  basaltic  extensions 
of  Table  Mountain  to  the  north.  Ano'  nt  flood  plain  de- 
posits dominate  the  valley  lowlands.  Depending  on  the 
river's  velocity,  volume,  and  runoff  area,  different  parti- 
cle sizes  were  dropped  at  different  locations  on  the 
floodplain  surface. 


In  1984,  three  borings  were  drilled  at  the  Station  10  -i-  50 
(84F-10,  84F-C11  and  84F-C11A)  and  three  borings 


NOTE:  Figures  238  through  250  follow.  Text  continues 
on  page  338. 
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Table  47.  Suspect  Soil  Characteristics  at  1981-82  Piston  Sampling  Locations 


Sampling 

Sampling 

Sampling 

Depth 

Elevation 

Soil 

Location 

(feet) 

(feet) 

SM 

10+00 

172 

163 

(SC) 

20 

160 

SM 

13+00 

472 

160 

(SC) 

50 

157 

(SM-SP) 

53 

154 

(SM-SW) 

56 

151 

SC 

68  +  00 

92 

191 

(SC) 

12 

188 

SP 

74  +  00 

122 

180 

(SC) 

SM 

112  +  00 

AV 

184 

(SC) 

56 

175 

SM 

113  +  00 

491 

182 

(SC) 

53 

178 

(SC) 

56 

175 

Mean 


Soil  classification  characteristics  within  parentheses  indicate  that  the  classification  was  determined 
from  laboratory  tests  performed  on  piston  samples.  Soil  classification  symbols  without  parentheses 
indicate  that  the  classification  was  determined  using  field  classification  techniques  applied  to  SPT 
samples. 

Nm    =  Blowcounts  corrected  to  1  tsf  effective  overburden  pressure  and  corrected  for  procedural 
differences. 
^  Denotes  depth  measured  from  crest. 

2  Denotes  depth  measured  from  downstream  toe. 


Through  long  time  periods,  a  considerable  thickness  con- 
sisting of  lenses  and  discontinuous  sediments  accumu- 
lated. Land  surface  not  actively  eroded  or  rapidly  buried 
(temporarily  bypassed  by  the  active  river  channel)  was 
exposed  to  surface  weathering  for  sufficient  time  to  de- 
velop iron-oxide  surface  staining  and  local  claypans.  Sub- 
sequent repeated  cycles  of  sediment  deposition  resulted 
in  the  burial  of  numerous  soil  horizons  within  the  forma- 
tion. 


Clays  and  silts  are  frequently  intermixed  with  more 
granular  sediments,  usually  derived  from  more  distant 
sources.  The  source  for  much  of  the  fines  is  more  local 
and  is  probably  supplied  from  friable  formations  located 
uphill  from  the  Forebay.  Both  the  local  lone  Formation 
and  volcanic  tuffs  have  provided  a  significant  contribution 
to  the  Forebay  sediments.  The  mode  of  deposition  was 
primarily  fluvial  but  also  included  significant  intermixed 
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ash  falls,  mudflows,  landslides,  and  lacustrine  deposi- 
tion.The  abundance  of  soft  grains  combined  with  general 
deep  weathering  of  the  Red  Bluff  commonly  results  in  a 
granular  soil,  which,  when  sufficiently  moisturized,  be- 
comes plastic  upon  working  between  the  fingers. 

The  variety  of  sediments  classified  include  clays  and  silts 
(from  nonplastic  to  high  compressibility)  sands  and  fine 
gravel.  Mixed  soils  are  common  whereas  clean  granular 
soils  (those  containing  less  than  5  percent  fines)  are  ex- 
tremely scarce.  Both  abrupt  and  gradational  change  of 
soil  types  occur  in  short  vertical  and  horizontal  distances. 

Exploration  hole  number  79-10  encountered  fluvial  sedi- 
ments in  the  upper  20  feet  of  the  Red  Bluff  Formation. 
Below,  to  a  depth  of  82  feet,  the  sediments  contained  con- 
siderable amounts  of  intermixed  clay  and  gravel.  This 
change  in  sediment  character  is  attributed  to  a  change  in 
deposital  mode  with  the  lower  sediments  appearing  to 
have  been  deposited  by  a  combination  of  mud  flows  and 
streams.  Because  of  the  mixed  grain  sizes  in  this  portion 
of  the  Red  Bluff,  it  was  originally  assumed  to  be  a  part  of 
the  Tuscan  Formation,  which  contains  much  mudflow 
material.  Recent  exploration  at  the  Forebay,  with  the 
availability  of  new  samples,  has  resulted  in  these  sedi- 
ments being  reclassified  into  the  Red  Bluff  Formation. 

Borehole  79-10,  the  cored  505-foot-deep  exploration 
hole  near  the  Main  Dam  toe,  revealed  solid  basalt  at  a 
depth  of  82  feet.  Although  hard  and  strong,  this  volcanic 
rock  was  closely  to  moderately  fractured  and  shattered  as 
a  result  of  movement  on  the  adjacent  faults.  Two  basalt 
layers  and  a  9-foot-thick  tuff  interbed  were  penetrated 
by  coring.  The  sampled  section  is  similar  to  the  Middle 
and  Lower  Basalt  Flows  (with  included  Lx)wer  Interflow 
member)  of  the  Lovejoy  Formation,  which  is  located  im- 
mediately north  of  Thermalito  Powerplant  in  the 
Campbell  Hills.  The  cored  basaltic  section,  177  feet 
thick,  represents  a  down-faulted  block  of  the  strata  that 
comprise  the  Campbell  Hills. 

Below  the  Lovejoy,  the  core  hole  encountered  246  feet  of 
lone  Formation— dense  clay  with  numerous  silty  sand 
lenses.  Organic  mudstone,  occurring  in  the  upper  18  feet. 


originally  was  identified  as  a  separate  formation 
(Mehrten)  but  is  now  correlated  with  upper  lone  beds  of 
similar  lithology  found  elsewhere  in  the  Sierra  foothills. 

Comparisons  of  Red  Bluff  sediments  indicate  both  simi- 
larities and  differences  in  the  Main  Dam  and  Low  Dam 
foundations.  Lenticular  structures  and  rapid  change  of 
material  classification  in  short  distances  is  common  to 
both  foundations.  At  the  Main  Dam,  these  soil  structures 
usually  occur  throughout  the  surface  30  feet.  Underlying 
sediments  are  consistently  gravelly  and  are  typically 
deeply  weathered  and  have  clay  or  silt  matrices.  Sedi- 
ments in  the  Low  Dam  foundation  consistently  contain 
clay  or  clayey  sands  in  the  surface  10  to  30  feet.  Below  the 
surface  clays  are  usually  found  weathered  silts  and  sands. 
Only  rarely  was  gravel  encountered  in  the  foundation  be- 
neath the  Low  Dam  embankment.  The  consistent  occur- 
rence of  fine  grained  sediments  on  the  surface  of  the  Low 
Dam  foundation  is  attributed  to  a  sheet-wash  deposition 
or  shallow  pond  filling  on  an  area  of  low  relief. 

General  Characteristics  of  Suspect  Soil  Sites 

Examination  of  the  location  where  suspect  sand  layers 
were  found  at  the  Main  and  Low  Dams  reveals  the  com- 
plexity of  the  depositional  process.  Characteristics  of 
these  layers  vary  considerable  both  horizontally  and  verti- 
cally. The  foundation  is  generally  composed  of  a  5  to 
15-foot  thick  surface  layer  of  dense  clayey  sands  and  clays 
underlain  in  places  by  a  layer  of  relatively  loose  silty  and 
clayey  sand.  Below  this  layer  lies  a  base  matrix  of  dense 
clays,  silts,  silty  and  clayey  sands.  Of  these  areas,  the  site 
between  Stations  111  and  113  contained  the  lowest  and 
most  extensive  low  blowcount  layer. 

Table  48  summarizes  the  characteristics  of  the  14  sites 
where  suspect  sands  were  found.  The  exploration  pro- 
gram revealed  one  low  blowcount  area  at  the  Main  Dam 
between  Stations  10  and  1 1.  As  shown  in  Figures  241  and 
242,  this  suspect  layer  lies  generally  between  Elevations 
153  and  165  feet.  Along  the  Low  and  Ruddy  Creek  Dams, 
the  explorations  discovered  13  sites  where  low  blow- 
counts  were  found  in  silty  and  clayey  sands  (see  Figures 
242  through  250). 
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Table  48.  Suspect  Foundation  Sites  (A^^i  <  30)  Along  Thermalito  Forebay  Dam 


Depth 

Dam 

Suspect 

Inter- 

Max. 

Suspect 

;     Borehole 

Ht. 

Material 

val 

Length 

Site 

No. 

Station 

(ft) 

(USCS) 

(ft) 

(ft) 

Sta. 

81F-10  SPTB 

10+09 

10-11 

81F-C10  SPT 
81F-10  SPT 
81F-10  SPTA 
79-10 

81F-10  SPTC 
81F-11  SPTK 
8 IF- 11   SPTJ 

10+18 
10+18 
10+21 
10+24 
10+33 
10+55 
10+70 

81F-11  SPTL 

10+70 

46 

SC&SM 

20-26 

250 

81F-11  SPTE 

10+84 

81F-11   SPTB 

10+85 

81F-11  SPTA 

10+94 

81F-11  SPIC 

10+97 

46 

SM 

26-31 

250 

81F-11  SPTF 

11+02 

81F-11  SPT 

11+05 

81F-11   SPTH 

11+05 

81F-C11   SPT 

11+18 

81F-11  SPTG 

11+23 

81F-11  SPTM 

11+28 

81F-11   SPTD 

11+33 

Sta. 

79-60  SPT 

60+44 

28 

CL&CH 

0-10 

870 

63 

81F-63  SPT 
81F-65  SPT 

62+93 
65+42 

81F-67  SPT 

66+65 

24 

SC&SM 

7-14 

490 

Sta. 

81F-67  SPTA 

67+28 

with 

68 

81F-68  SPT 
81F-68  SPTA 
81F-69  SPT 

67+91 
68+41 
68+91 

CL&ML 

81F-73  SPT 

724«0 

26 

SC 

11-15 

445 

81F-73  SPTA 

73+25 

Sta. 

81F-74  SPTA 

73+55 

74 

81F-74  SPT 
81F-C74  SPT 
81F-75  SPTI 

73+70 
73+70 
75+20 

Sta. 

79-93  SPT 

93+26 

20 

CL 

14-16 

430 

93 

81F-C108  SPT 

108+06 

28 

Sta. 

81F-C110  SPT 

110+35 

109 

81F-109  SPT 

109+20 

SC/SM 

10-15 

400 

Nai 

Range 


Mean 


Mean 
All  Blows 
in  Depth 


(N^^<30)  (N;^^<30)  Interval 


12-30 


12-30 


22      25 


23      33 


10-25 


17-30 


18-25 


29 


21-24 


20      20 


23     28 


21      25 


29      29 


23      26 
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Table  48.  Suspect  Foundation  Sites  (A^ai  <  30)  Along  Thermalito  Forebay  Dam  (Continued) 


Depth 

fe: 

Dam 

Suspect 

Inter-  Max. 

Nai 

fen 

All  Blows 

Suspect 

Borehole 

Ht. 

Material 

val    Loigth 

Range 

in  Depth 

Site 

No. 

Station 

(ft) 

(uses) 

(ft)   (ft) 

(Nj^30) 

(»j^30) 

Interval 

Sta. 
112 


Sta. 
115 


Sta. 
122 


Sta. 
130 


Sta. 
136 


Sta. 
145 


111+50 
111+65 
1 12+00 
112+00 


D-11  110+88 

81F-C111  SPTA  111+19 
81F-C111  SPT  111+47 
79-112  SPT 
81F-C112  SPT 
84F-C112  SPT 
84F-112  SPT 
81F-C112  SPTA  112+39 
84F-113  SPT  112450 
81F-C113  SPT  112+56 
81F-C113  SPTA  112+71 

81F-114  SPT  113+62 

81F-C115  SPT  114+68 

81F-116  SPT  115+74 

81F-C117  SPT  116+68 

79-120  SPT  119+98 
81F-C121  SPTA  120+61 
81F-C121  SPT  121+24 
81F-122  SPT 
81F-C123  SPT 
81F-C124  SPT 


30 


6-30   330 


11-30 


122+49 
123+12 
123+74 


81F-C134  SPT 
81F-135  SPTA 
81F-C135  SPT 
81F-C136  SPT 
81F-137  SPT 
79-139  SPT 


134+08 
134+66 
135+24 
135+83 
136+99 
139+32 


30 


30 


79-130  SPT    130+00   30 


36 


SCXSM 
w/some 
lenses  of 
CL4CH 


SC&SM 

w/some 

ML 


SC&SM 


5-16       510 


0-15       710 


12-29 


14-26 


27 


26 


81F-144  SPT  143+65  30 

81F-C144  SPT  144+20  &  CH 

81F-C145  SPT  144+75  w/some 

81F-146  SPT  145+85  SM 


CL 

0-10 

480 

23-25 

24 

24 

SC.CL 
&  CH 
(Deep 
SM  Lens) 

4-14 
18-25 

800 
120 

12-30 
28-29 

22 
28 

26 
29 

SC.CL 

4-27 

450 

13-30 

22 

35 

Sta. 
146 


i  1^8 
I  •70+ 
-*  Note: 


81F-146  SPT  145+85 
81F-C146  SPT  146+02 
81F-C147  SPT  146+98 


20 


79-148  SPT    148+10   12 


ML  20-28  210  17-30 
ML  &  CL  29-34  220  26-30 
SM  &  SW    7-23   200    22-24 


26 

26 

28 

30 

23 

23 

blovcounts  not  included  in  Nj^-|  average. 

Depth  intervals  measured  from  foundation  surface  along  downstream  toe. 
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Installation  of  Piezometers 

Standpipe  piezometers  were  installed  at  suspect  sand 
sites  found  at  the  Main  and  Low  Dams.  Table  49  summa- 
rizes the  locations  of  piezometers  installed  during  the  ex- 
ploration programs.    The  locations  of  piezometers  in- 


stalled during  the  explorations  at  the  Main  Dam  are 
shown  in  Figure  261.  A  typical  standpipe  piezometer  in- 
stallation is  illustrated  in  Figure  262.  The  piezometer 
measurements  made  at  both  the  Station  10-11  (Main 
Dam)  and  Station  112  (Low  Dam)  areas  show  that  the  sus- 
pect sands  lie  beneath  the  water  surface  (see  Figure  263). 


Table  49.  Standpipe  Piezometers  Installed  at  Thermalito  Forebay  Dam 


Ground^ 

Surface 

Sensing 

Tip 

Piezometer 

Date 

Borehole 

Station 

Elevation 

Elevation 

Elevatior 

Monitoring 

No. 

No. 

No. 

(feet) 

(feet) 

(feet) 

Frecruency 

164 

10-14-81 

81F-9  SPT  A 

8+57 

20 

of 

Toe 

177 

110-136 

120.0 

Capped 

-._ 

160 

9-11-78 

TFS-2 

9+55 

90 

of 

Toe 

170 

91.5-110.5 

101.0 

Capped 

... 

165 

10-27-82 

81F-11  SPT  B 

10+85 

15 

of 

Toe 

184.5 

147.5-161.5 

137.0 

Capped 

... 

163 

9-22-78 

TFS-4B 

11+55 

51 

of 

Toe 

178 

145.6-155 

150.0 

Capped 

... 

162 

9-22-78 

TFS-4 

11+55 

55 

of 

Toe 

178 

107.5-121 

134.0 

Capped 

—  . 

103 





12+40 

70 

of 

Toe 

201. 5A 



154.5 

Monitored 

Semi 

-Monthly 

166 

10-22-81 

81F-13  SPT  C 

12+82 

28 

of 

Toe 

205 

144-165 

139.0 

Capped 

... 

61 





57+25 

60 

of 

Toe 

213. 6A 



Capped 

... 

141 





71+40 

20 

of 

Toe 

207. 2A 



187.8 

Monitored 

Semi 

-Monthly 

62 





73+00 

50 

of 

Toe 

211. 7A 



160.7 

Capped 

— 

144 





83+00 

5 

of 

Toe 

214. lA 



198.1 

Monitored 

Semi 

-Monthly 

122 





91+20 

5' 

inside  Fence 

216. 6A 



166.5 

Monitored 

" 

" 

d/s 

of 

Toe 

64 





98+05 

g  Fenceline 

e  Toe 

22  lA 



203.0 

Monitored 

" 

67 







900' 

s/o  Nelson  Ave 

203A 



166.7 

Monitored 

" 

•• 

35'  w/o  20th 

Street 

65 





109+55 

20 

d/s 

of 

Toe 

204. 5A 



162.7 

Monitored 

•• 

" 

102 







Southside 

of 

Nelson 

201. 2A 



149.0 

Monitored 

•• 

" 

1075- 

w/o  16th  Street 

112C 

6-21-84 

84F-C112 

112+00 

Crest  Centerline 

231 

171.5-192 

176.0 

Monitored 

" 

•• 

112T 

6-25-84 

84F-112  SPT 

112+00 

e  Toe 

201 

185.5-199 

186.0 

Monitored 

" 

" 

66 





138+65 

20 

d/s 

of 

Toe 

195. 8A 



177.7 

Monitored 

" 

" 

values  with  a  A  symbol  next  to  them  indicate  a  collar  elevation 
which  is  typically  about  3  feet  higher  than  the  ground  elevation. 


Note:  Figures  251  through  263  follow.  Section  4  begins  on  page  356. 
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DEPTH 
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DOWNHOLE 
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(     )  -    FIELD    CLASSIFICATION 


500  1000  1500 

SHEAR    WAVE    VELOCITY, Vs   (FPS) 
Figure  251.  Thermalito  Forebay  Dam  Shear  Wave  Velocity  Test  Results  -  Station  11+50  (Boring  TFS  -  4) 


2000 


2000 


(    )- FIELD    CLASSIFICATION 

SHEAR  WAVE  VELOCITY- V,  fps 
Figure  252.  Thermedito  Forebay  Dam  Shear  Wave  Velocity  Test  Results  -  Station  81  +  79  (Boring  TFS-3A) 
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LITHIC 
FORMATION 


lONE 
FORMATION 


■100- 


125- 
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175- 


■200- 


-225- 


-250- 


■275- 


300- 


1000  2000  3000 

{    )- FIELD  CLASSIFICATION  SHEAR    WAVE  VELOCITY- V,  fps 

Figure  253.  Thermalito  Forebay  Dam  Shear  Wave  Vdocity  Test  Results  -  Station  10  +  00  (Boring  79-10) 
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Figure  254.   Thermalito  Forebay  Dam  Piston  Sampling  Site  -  Station  10  +  00  Area,  Piston  Sampling  Site 
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•    Piston    sample    borings 
Figure  255.   Thermalilo  Fordxty  Dam  Piston  Sampling  Site  -  Station  11+00  Area,  Piston  Sampling  Site 
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SPT    VALUES  .  Na,  (blows/  foot) 
20  30  40  50 


Figure  256.   ThermaUto  Ford>ay  Dam  Piston  SampUng  Site  -  Station  13  +  00  Area,  Piston  Sampling  Site 
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Figure  257.  Thermaiito  Ford)ay  Dam  Piston  Sampling  Site  -  Station  68 +00  Area,  Piston  Sampling  Site 
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Figure  258.   Thermalito  Forebay  Dam  Piston  Sampling  Site  -  Station  74 + 00  Area,  Piston  Sampling  Site 
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Fig^re  259.   Thermalito  Forebay  Dam  Piston  Sampling  Site  -  Station  112+00  Area,  Piston  Sampling  Site 
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Figure  260.   Thennalito  Forebay  Dam  Piston  Sampling  Site  -  Station  113  +  00  Area,  Piston  Sampling  Site 


Figure  261.  Location  of  Piezometers  Installed  at  Thermalito  Forebay  Main  Dam 
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Figure  262.  Typical  Slandpipe  Piezometer  Installation  at  Thermalito  Forebay  Dam  Between  1976  and  1984 
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4.  LABORATORY  TESTING  AND  EVALUATION 


General 

Laboratory  testing  was  primarily  oriented  toward  obtain- 
ing static  and  cyclic  shear  strengths  of  soils  at  suspect 
sites,  and  to  obtain  classification  data  on  recovered  SPT 
samples.  In  some  of  the  later  sampling  programs,  samples 
were  recovered  from  specific  areas  and  depths  in  order  to 
correlate  laboratory  qrclic  loading  resistances  to  specific 
SPT  blowcounts.  Cyclic  and  static  laboratory  shear 
strength  results  are  summarized  in  Tables  50  through  52. 

Chronological  Summary  of  Laboratory  Testing 
1976  Program 

This  initial  testing  program  provided  very  preliminary  cy- 
clic strength  and  foundation  profile  data  from  eleven 
samples  taken  along  the  Lx)w  Dam.  These  samples  were 
taken  in  sandy  soils  ranging  from  poorly  graded  to  clayey. 
Sampling  was  accomplished  using  a  2.5-inch  I.D.  DWR 
thick-walled  sampler  which  is  known  to  cause  excessive 
sample  disturbance.  Therefore,  the  cyclic  strength  data 
were  highly  questionable.  In  addition,  the  resulting 
strengths  were  not  related  to  any  specific  blowcount 
value. 

A  total  of  six  isotropically-consolidated  (Kc  =  1.0)  cyclic 
triaxial  tests  were  performed  on  the  sands  at  effective 
confining  pressures,  ct'sc  ,  of  1 .0  and  3.0  ksc  (Note:  1  ksc  is 
equal  to  1.02  tsf).  Classification  tests  and  relative  density 
tests  were  also  performed  on  the  test  specimens.  Cyclic 
triaxial  test  results  are  presented  in  Table  50  and  in  Ad- 
dendum D. 

Classification  tests  were  also  performed  on  five  additional 
tube  samples,  revealing  silty  and  clayey  sands,  and  well  to 
poorly  graded  sands. 

1978  Program 

This  stage  of  the  investigation  attempted  to  define  the 
foundation  soil  profile  and  the  cyclic  loading  resistances 
of  foundation  sands  at  the  Main  Dam  (Station  11  +  55) 
and  at  the  Low  Dam  (Station  81  +  80).  These  sites  were 
chosen  as  the  most  likely  locations  to  fmd  extensive  sand 


layers  in  the  foundation  based  on  previous  drilling  and  on 
construction  information. 

Specimens  for  11  cyclic  triaxial  tests  were  obtained  by 
Pitcher  barrel,  shelby  push,  and  piston  sampling.  These 
samples  were  considered  less  disturbed  than  those  ob- 
tained in  1976  using  the  DWR-thick-walled  sampler. 
However,  as  with  the  1976  samples,  the  1978  samples 
were  not  related  to  specific  SPT  blowcount  values.  In  ad- 
dition, four  out  of  the  five  tests  performed  on  specimens 
from  Station  81  +  80  were  inadvertently  tested  at  exces- 
sively low  consolidation  pressures  (e.g.  samples  obtained 
at  57  feet  were  tested  at  confining  pressures  equivalent  to 
10  to  20  feet  of  overburden  pressure).  The  six  test  speci- 
mens from  Station  1 1  +  55  were  isotropically  consoUdated 
to  effective  confining  pressures  of  1.0  and  3.0  ksc.  None  of 
these  test  specimens  were  subjected  to  Atterberg  limit 
tests  to  determine  if  the  sands  were  predominantly  silty  or 
predominantly  clayey.  Results  from  the  cyclic  tests  per- 
formed on  Station  11  +  55  specimens  are  presented  in  Ta- 
ble 50  and  also  in  Addendum  D. 

1979-1980  Program 

The  third  phase  of  the  investigations  attempted  to  define 
the  foundation  soil  profile  and  the  cyclic  loading  resis- 
tances of  foundation  sands  between  the  tail  channel  and 
the  Main  Dam. 

Undisturbed  hand-carved  block  and  tube  samples  were 
obtained  from  the  tail  channel  cut  slope  and  used  for  cy- 
clic triaxial  testing.  Eleven  isotropically-consolidated 
(Kc  =  1-0)  and  anisotropically-consolidated  (Kc  =  1-5) 
tests  were  conducted  at  effective  confining  pressures  of 
1.0  and  3.0  ksc.  Classification  tests  indicated  the  materials 
to  be  principally  well  and  poorly-graded  sands.  CycUc  test 
results  are  shown  in  Table  50  and  also  in  Addendum  D  for 
tests  of  both  the  carved  tube  samples  and  of  the  blcx;k 
samples.  It  should  be  noted  that  the  block  samples  were 
generally  partially  cemented  sands  that  are  not  expected 
to  liquefy. 

The  sampling  legations  in  the  tail  channel  cut  were  over 
250  feet  from  the  toe  of  the  Main  Dam.  Five  SPT  borings 
(80A  through  80E)  were  drilled  in  the  area  between  the 
Main  Dam  and  tail  channel.    Mechanical  analyses  from 


Table  50.  Summary  of  Cyclic  Test  Results  for  Thermalito  Forebay  Dam  Foundation  Soils 


Testing 

5Z  Axial  Strain 

51  Axial  Strain 

Program 

Site 

Depth  Interval 
(feet) 

"ai 

^''I'eo 

"30' 

(ksc) 

K^ 

in  8  cycles 
adp   (ksc) 

in  15  cycles 
adp    (kscj 

1976 

D  Boreholes 

8.5  —  13.0 

- 

- 

1.0 

1.05 

0.95 

1976 

D  Boreholes 

8.5  —  15.0 

— 

3.0 

2.22 

2.07 

1978 

TFS-4 

28.0  —  30.0 

- 

1.0 

0.68 

0.60 

1978 

TFS-4 

25.5  —  29.0 

— 

3.0 

1.53 

1.42 

1979-80 

Hand-Carved 

0.   —   3. 

- 

1.0 

0.79 

0.71 

1979-80 

Tail  Channel 

0.   —   3. 

— 

1.0 

0.87 

0.83 

1979-80 

Samples 

0.   —   3. 

— 

3.0 

1.76 

1.56 

1981-82 

Station   10 

16.0  —  17.5 

25 

1.0 

1.32 

1.16 

1981-82 

Station   10 

16.0  —  17.5 

25 

1.0 

0.98 

0.88 

1981-82 

Station   10 

16.0  -  17.5 

25 

3.0 

1.0 

2.36 

2.22 

1981-82 

Station  10 

19.0  —  20.5 

28 

1.0 

1.16 

1.02 

1981-82 

Station   10 

19.0  —  20.5 

28 

1.0 

1.10 

1.00 

1981-82 

19.0  —  20.5 

28 

3.0 

1.95 

1.83 

1981-82 

Station   13 

46.0  —  51.0 

30 

1.75 

0.93 

0.83 

1981-82 

Station   13 

46.0  —  51.0 

30 

2.0 

1.41 

1.19 

1981-82 

Station   13 

46.0  —  51.0 

30 

3.0 

2.36 

2.25 

1981-82 

Station   13 

46.0  —  51.0 

30 

4.0 

2.36 

2.18 

1981-82 

Station  13 

52.0  —  54.0 

33 

1.75 

1.85 

1.58 

1981-82 

Station   13 

52.0  —  54.0 

33 

2.0 

1.96 

1.69 

1981-82 

Station   13 

52.0  —  54.0 

33 

2.0 

1.70 

1.48 

1981-82 

Station   13 

52.0  —  54.0 

33 

2.0 

2.12 

1.83 

1981-82 

Station   13 

52.0  —  54.0 

33 

4.0 

2.36 

2.18 

1981-82 

Station   13 

55.0  —  56.5 

39 

2.0 

2.22 

1.85 

1981-82 

Station   13 

55.0  —  56.5 

39 

4.0 

3.47 

3.30 

1981-82 

Station   68 

8.0  -  17.5 

17 

0.6 

1.05 

0.90 

1981-82 

Station  68 

11.0  —  12.5 

19 

0.6 

1.05 

0.94 

1981-82 

Station  68 

11.0  —  12.5 

19 

1.0 

1.14 

1.06 

1981-82 

Station   74 

11.0  —  12.5 

20 

0.6 

0.81 

0.67 

1981-82 

Station  112 

46.0  —  52.0* 

17.26 

2.0 

1.27 

1.13 

1981-82 

Station  112 

46.0  -  51.0* 

2.0 

1.25 

1.51 

1.41 

1981-82 

Station  113 

48.0  —  57.0* 

20,27 

2.0 

1.53 

1.39 

1981-82 

Station  113 

55.0  -  57.0* 

27 

2.0 

1.97 

1.85 

1984 

Station  112 

8.0  —  10.0 

0.6 

0.93 

0.80 

1984 

8.0  -  10.0 

— 

1.0 

1.00 

0.88 

1984 

11.0  —  13.0 

„ 

1.0 

0.72 

0.62 

1984 

41.0  -  51.0 

- 

3.0 

2.14 

2.00 

All  depth  Intervals  are  measured  from  surface  of  foundation  downstream  of  the  da 
intervals  marked  with  an  "*"  which  are  measured  from  the  crest  of  the  dam. 


except  for  depth 


The  use  of  axial  strain  is  in  terms  of  single  amplitude  values. 
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Table  51. 

Drained  Static  Shear  Strength  Summary 

PROGRAM 

1984 

DESIGN 

Failure  Criteria 

Maximum  Obliquity 
or  5  percent  strain. 

Maximum  Obliquity 
or  5  percent  strain. 

Failure  Stress 

Mohr 
Circle 

Mohr           1 
Circle         1 

Station  10-11 
Embankment 

C-  0.0  ksc 
<*•=  37  deK. 

C 

-  0.0  ksc 
=  33  deR. 

Station  112 

C"  0.2  ksc 
*'-  26  deK. 

C 
<* 

=  0.15  ksc 
-  30  den. 

Clayey  Foundation 
Can 

C'=  0.2  ksc 
<»'-  31  deg. 

C 

=  0.2  ksc 
=  32  des. 

Suspect  Foundation 
SC/SM 

C'=  0.0  ksc 
r-   31  deg. 

C 

4' 

=  0.2  ksc 
=  32  deK. 

Table  52.  Undrained  Static  Shear  Strength  Summary 


PROOIAM 

198A 

DESIGN 

Failure  Criteria 

Peak  Deviator  Stress 
or  5  Z  axial  strain 

Peak  Deviator  Stress 
or  10  Z   axial  strain 

Peak  Deviator  Stress 
or  15  X   axial  strain 

Peak  Deviator  Stress 
or  20  Z   axial  strain 

Failure  Stress 

Mohr 
Circle 

<Tfc' 

Mohr 

<Tfc' 

Mohr 
Circle 

^ff  "- 

Mohr 
Circle 

Station  10-11 

C=  0.2  ksc 

C=  0.4  ksc 
*=  21  deK. 

C=  0.3  ksc 
^  21  deR. 

C=  0.4  ksc 
<t>=   25  deR. 

C=  0.4  ksc 

C=  0.4  ksc 
<t=   28"deR. 

C=  0.4  ksc 
^  16  deR. 

Station  112 
Embankment 

C=  0.5  ksc 
*=  12  deR. 

C=  0.5  ksc 
<*=  15  deR. 

C=  0.5  ksc 
^  15  deR. 

C=  0.5  ksc 
4.=  19  deR. 

C=  0.6  ksc 
.*=  13  deR. 

C=  0.6  ksc 
i>=  17  deR. 

Clayey  Foundation 
Cap 

C=  0.2  ksc 
*=  23  deR. 

C=  0.3  ksc 
.*=  26  deR. 

C=  0.4  ksc 
.*=  21  deR. 

C=  0.5  ksc 
■i=   24  deR. 

C=  0.5  ksc 
<*=  18.5deR 

C=  0.6  ksc 
.*=  22  deR. 

C=  1.0  ksc 
*=  15  des. 

Suspect  Foundation 
SC/SM 

C=  0.1  ksc 
^  20  deR. 

C=  0.1  ksc 
^  26  defi. 

C=  0.2  ksc 
^  20  defi. 

C=  0.2  ksc 
^  25  deR. 

C=  0.2  ksc 
^  20  deR. 

C=  0.2  ksc 
^  26  deR. 

C=  1.0  ksc 
4^   15  deR. 

these  borings  (23  samples)  indicated  mostly  well  graded 
to  poorly  graded  sands. 

1981-1982  Program 

Introduction 

The  purpose  of  this  testing  program  was  to  determine  the 
material  types  in  the  Red  Bluff  alluvium  and  the  cyclic 
loading  resistances  of  low  blowcount  foundation  sands. 
The  testing  program  included  mechanical  analysis,  Atter- 
berg  limits,  specific  gravity,  and  cyclic  triaxial  tests.  All 


tests  were  run  at  the  DWR  soils  laboratory  using  standard 
DWR  test  procedures. 

Classification  Testing  -  Red  Bluff  Sediments 

Gradation  tests  were  performed  on  all  samples  obtained 
by  the  SPT  split-spoon  sampler  but  Atterberg  limits  tests 
were  generally  only  performed  on  low  blowcount  samples 
(i.e.  Nai  <  30).  Samples  were  obtained  from  a  maximum 
foundation  depth  of  68  feet  at  the  Main  Dam  and  40  feet 
at  the  Low  Dam.  Laboratory  classifications  (for  samples 
with  Atterberg  limits  tests)  are  shown  on  the  foundation 


soil  profiles  presented  in  Figures  242  through  250.  As  dis- 
cussed in  Section  3,  the  foundation  at  suspect  sites  gener- 
ally consists  of  a  5-  to  15-foot  layer  of  clays  and  clayey 
sands  underlain  by  a  5-  to  25-foot  thick  layer  of  low  blow- 
count  silty  and  clayey  sands.  Below  the  suspect  sands  ex- 
ists a  50-  to  80-foot  base  matrix  of  dense  clays,  silty  and 
clayey  gravels,  and  silty  and  clayey  sands. 

Classification  Testing  -  Low  Blowcount 
Foundation  Sands 

Mechanical  analysis  and  Atterberg  Limits  tests  were  per- 
formed on  most  low  blowcount  SPT  samples.  Generally, 
these  samples  were  classified  as  silty  or  clayey  sands.  Fig- 
ures 264  and  265  show  that  the  range  of  gradations  for 


SPT  samples  of  low  blowcount  silty  sands  and  clayey  sands 
are  similar  for  the  two  most  critical  suspect  sites  at  the 
Main  Dam  and  the  Low  Dam. 

Field  classifications  for  most  of  the  low  blowcount  SPT 
samples  were  generally  silty  sand.  However,  more  than 
half  the  soils  that  were  field  classified  as  sUty  sand  turned 
out  to  be  clayey  sand  by  laboratory  tests  (Atterberg  limits 
tests).  This  discrepancy  is  attributed  to  two  causes.  First, 
considerable  experience,  practice  and  checking  are  nec- 
essary to  differentiate  silty  sands  from  clayey  sands  in  the 
field.  Second,  many  of  the  sands  encountered  were  tuf- 
faceous  and/or  weathered,  and  would  become  much  finer 
and  more  clayey  under  strong  finger  pressure.  Laboratory 
sample  preparation,  drying,  grinding  and  rewetting  would 
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Figure  264.  Summary  of  Gradations  for  SPT  Samples  Obtained  from  the  Suspect  Foundation  Sands 
at  the  Thermalito  Forebay  Main  Dam — Station  10-11  Area 
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Figure  265.   Summary  of  Gradations  for  SPT  Samples  Obtained  from  the  Suspect  Foundation  Sands 
at  the  Thermalito  Forebay  Main  Dam  -  Station  112  Area 


cause  particle  breakage,  more  fines,  and  greater  plastic- 
ity. 

Cyclic  Triaxial  Testing  -  Low  Blowcount 
Foundation  Sands 

Cyclic  triaxial  tests  were  performed  on  low  blowcount 
sands  in  an  attempt  to  define  their  resistances  to  cyclic 
loading.  As  stated  in  Section  3,  the  1981-1982  cyclic  tests 
were  organized  to  establish  a  relationship  between  SPT 
blowcount  and  laboratory  test  results. 

Cyclic  triaxial  tests  were  performed  on  37  clayey  sand  and 
24  silty  sand  samples.  The  clayey  sand  samples  repre- 
sented Nai  values  of  16  to  29  and  the  silty  sand  samples 


represented  Nm  values  of  30  to  39,  as  shown  in  Table  47. 
For  the  same  sampling  zone,  Figures  266  through  272 
show  that  the  gradation  and  plasticity  of  the  piston  sam- 
ples were  similar  to  those  of  the  SPT  samples. 

Each  six-inch-long  cyclic  triaxial  test  specimen  was  ob- 
tained from  fixed  piston  tube  samples.  A  maximum  of  two 
samples  was  obtained  from  each  tube.  Each  test  specimen 
was  saturated  to  obtain  a  pore  pressure  parameter  B  of  at 
least  0.95.  This  was  obtained  except  for  a  few  of  the  clayey 
samples,  where  a  B  of  only  0.91  could  be  achieved.  Con- 
solidation pressures  ranged  from  0.6  to  4.0  ksc.  Each 
specimen  was  consolidated  to  at  least  the  overburden 
pressure  which  it  was  under  in  the  field.  Both  isotropic 
and  anisotropic  tests  (.K^c   =  1.0  to  2.0)  were  performed  to 


simulate  level  ground  and  sloping  ground  conditions. 
Typical  traces  of  cyclic  tests  for  clayey  sands  and  silty 
sands  with  SPT  Na  i  blowcounts  of  about  30  are  shown  in 
Addendum  D.  Classification  tests  were  performed  on  the 
samples  after  each  triaxial  test.  Cyclic  triaxial  test  results 
are  presented  in  Table  50  and  also  in  Addendum  D. 


1984  Program 


General 


obtained  from  the  embankment,  clayey  foundation  cap, 
and  low  blowcount  clayey  sand/silty  sand  layer. 

Additional  (yclic  triaxial  tests  were  performed  on  eight 
specimens  from  the  low  blowcount  clayey  sand  at  Station 
112  (Table  50  and  Addendum  D).  Static  triaxial  compres- 
sion tests  were  also  carried  out  for  the  clayey  embank- 
ment and  foundation  cap  soils  from  the  Station  10-11  and 
Station  112  areas.  Additional  triaxial  compression  and 
post-cyclic  triaxial  compression  tests  were  performed  on 
specimens  of  suspect  foundation  soil  from  the  Station  112 


In  June  1984,  a  supplemental  sampling  program  was  car- 
ried out  at  the  suspected  critical  sites,  Station  10-11  and 
Station  112.  As  related  in  Section  3,  tube  samples  were 


Static  Triaxial  Compression  Tests 

All  static  triaxial  compression  tests  were  performed  on 
saturated,  isotropically-consolidated  specimens.  Sped- 
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Figure  266.   Comparison  of  Gradations  Determined  for  Piston  and  SPT  Samples  Obtained  at  the 
Thermalito  Forebay  Dam  Station  10  Sampling  Site 
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Figure  267.   Comparison  of  Gradations  Determined  for  Piston  and  SPT  Samples  Obtained  at  the 
Thermalito  Forebay  Dam  Station  13  Sampling  Site 


mens  were  sheared  without  allowing  drainage  and  with 
pore  pressure  measurements.  Drained  or  effective  stress 
strength  parameters  were  obtained  using  maximum 
obliquity,  (  o'  i  /a' 3  )  max ,  as  a  failure  criterion.  Maximum 
obliquity  usually  occurred  between  2  and  3  percent  axial 
strain. 


Undrained  strength  parameters  depended  both  on  the 
amount  of  axial  strain  adopted  to  define  failure  (i.e.  5%, 
10%,  15%  or  20%),  and  on  whether  Mohr  circle  relation- 
ships or  Tff  vs.  Ofc  relationships  were  used  to  define 
stress  relationships. 


Figures  273  through  288  present  the  results  from  the  tri- 
axial  compression  test  results  for  specimens  of  embank- 
ment soil,  clayey  foundation  cap,  and  suspect  SC/SM 
foundation  soil  obtained  from  the  two  critical  sites.  Static 
drained  test  results  are  shown  in  the  form  of  Mohr  circles 
in  Figures  274, 278, 282,  and  286.  Undrained  strength  re- 
sults are  presented  in  several  figures  for  5,  10,  and  15% 
axial  strain  failure  criteria  and  for  both  Mohr  circle  and 
Tff  VS.  Ofc  Stress  relationships.  Tables  51  and  52  summa- 
rize the  undrained  and  drained  strength  results  obtained 
for  the  different  soils  tested.  Also  shown  in  the  tables  are 
the  strengths  employed  during  design.  In  general,  the 
strengths  determined  in  the  current  study  are  comparable 
to,  or  less  than,  those  employed  during  design. 
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Post-Cyclic  Triaxial  Tests 

Post-cyclic  triaxial  compression  tests  were  performed  on 
the  1984  cyclic  triaxial  test  specimens  of  suspect  soil  from 
the  Station  112  site.  These  test  were  performed  in  an  at- 
tempt to  determine  the  residual  shear  strength  of  the  sus- 
pect soil  should  it  ever  liquefy.  All  eight  specimens  were 
isotropically-consolidated  specimens  that  had  been  cy- 
cled to  reach  a  double  amplitude  axial  strain  value  of  20 
percent.  After  the  loading  cycles  had  been  stopped,  the 
specimens  were  then  slowly  loaded  with  increasing  axial 
stress  until  the  specimens  reached  an  axial  compression 
strain  of  20  percent.  The  test  data  for  the  post-cyclic  load- 
ing of  the  eight  specimens  are  reproduced  in  Figure  289. 


Figure  289  shows  that  the  residual  strength  of  these  speci- 
mens increases  with  increased  strain.  To  calculate  the  re- 
sidual shear  strength,  the  critical  shear  resistance  was  as- 
sumed to  be  on  the  45  degree  plane  within  the  sample. 
Accordingly,  the  residual  shear  resistance  was  deter- 
mined by  taking  half  of  the  deviator  stress  for  each  par- 
ticular strain  level  of  interest.  Because  the  resistances 
were  relatively  low,  the  test  strengths  were  reduced  to  ac- 
count for  membrane  strength  effects.  Figure  290  presents 
the  average  residual  shear  resistance  for  4  specimens  in- 
itially consolidated  to  3  ksc  together  with  the  average  re- 
sistance for  4  specimens  initially  consolidated  to  either 
0.6  or  1.0  ksc. 


U.S.  STANDARD    SIEVE    SIZES 

200         100  50  30  16  8  4  3/8"       3/4' 


GRAIN 

SIZE    IN   MILLIMETERS 

CLAY    OR    SILT    FINES 

SAND 

GRAVEL 

FINE              MEDIUM     JCOARSE 

FINE          COARSE 

Figure  268.   Comparison  of  Gradations  Determined  for  Piston  and  SPT  Samples  Obtained  at  the 
Thermalito  Forebay  Dam  Station  68  Samj^ng  Site 
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Fig^re  269.   Comparison  of  Gradations  Determined  for  Piston  and  SPT  Samples  Obtained  at  the 
Thermalito  Forebay  Dam  Station  74  Sampling  Site 
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Figure  270.   Comparison  of  Gradations  Determined  for  Piston  and  SPT  Samples  Obtained  at  the 
Thermalito  Forebay  Dam  Station  112  Sampling  Site 
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Figure  271.   Comparison  of  Gradations  Determined  for  Piston  and  SPT  Samples  Obtained  at  the 
Thermalito  Forebay  Dam  Station  113  Sampling  Site 
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Figure  272.    Comparison  of  Plasticity  Results  Determined  for  Piston  and  SPT  Samples  Obtained  at  Thermalito  Forebay  Dam 
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Figure  273.    Triaxial  Compression  Test  Results  for  1984  Undisturbed  Specimens 
of  ThermaUto  Forebay  Main  Dam  Embankment  Material 
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Figure  274.   Thermalito  Forebay  Drained  Static  Shear  Strength  Results  from  ICU  Triaxial  Tests  of  Main  Dam  Embankment  Soil 
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Figure  27S.  Thermalito  Forebay  Undrained  Static  Shear  Strength  Results  from  ICU  Triaxial  Tests  of  Main  Dam  Embankment  Soil 


-  370  - 


to  60 


FAILURE   CRITERION:  £4  .  I»% 

0r28«> 

^  -^ 

y^'" 

^'^ 

0 

10                      EO                      JO                      *0                     W> 

& 

0 

STRENGTH   REPRESENTATION  USING   UOHR  CIRCLE   FAILURE  ENVELOPE 
STRENGTH   REPRESENTATION  USING     T,,    VS.    a,  '  FAILURE    ENVELOPE 


Figure  276.  Thermalito  Forebay  Undrained  Static  Shear  Strength  Determined  from  ICU  Triaxial  Tests  of  Main  Dam  Embankment  Soil 
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Figure  217.  ICU  Triaxial  Compression  Test  Results  for  1984  Undisturbed  Specimens 
of  Thermalito  Forebay  Low  Dam  Embankment  Soil 
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Figure  278.    Thermalito  Forebay  Drained  Static  Shear  Strength  Determined  from  ICU  Triaxial  Tests 
of  Low  Dam  Embankment  Material 
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LAB   SAMPLE   NUMBERS  ARE  SHOWN  ABOVE  SYMBOLS. 
CONSOLIDATED  DRY  DENSITY  VALUES  ARE  SHOWN   IN  PARENTHESIS. 
SYMBOLS   REPRESENT   Tf,  VS.   CTfc  RELATIONSHIP 

Figure  279.   Thermalito  Forebay  Vndrained  Static  Shear  Strength  Results  from  ICU  Triaxial  Tests  of  Low  Dam  Embankment  Soil 
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Figure  280.   Thermalito  Forebay  Undrained  Static  Shear  Strength  Determined  from  ICU  Triaxial  Tests  of  Low  Dam  Embankment  SoU 
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Figure  281.  ICU  Triaxial  Compression  Test  Results  for  1984  Undisturbed  Specimens  ofThermalito  Forebay 
Clayey  Foundation  Cap  Soil 


-  376  - 


EFFECTIVE    STRESS    CONDITIONS 
ISOTROPIC  CONSOLIDATION 
FAILURE    CRITERION:   (Oi'/as'lMAX 


THERMALITO    FOREBAY  DAM 
FOUNDATION   CLAYEY   CAP  MATERIAL 


DISTURBED   SAMPLE   FROM  LOW  DAM  AREA 

MAIN    DAM   AREACSTA.  10- II) 

1963-64  DESIGN  TESTS  FROM  MAIN  DAM  AREA 


-7  1/  I  N 


1.5  2.0  2.5 

NORMAL    STRESS,  (J   (ksc) 

Figure  282.   Thermalito  Forebay  Drained  Static  Shear  Strength  Determined  from  ICU  Triaxial  Tests 
of  Non-Liquefiable  Clayey  Foundation  Cap  Soil 
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Figure  283.    Thermalito  Forebay  Undrained  Static  Shear  Strength  Results  from  ICU  Triaxial  Tests 
of  Non-Liquefiable  Clayey  Foundation  Cap  Soil 
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Figure  284.   Thermalito  Forebay  Undrained  Static  Shear  Strength  Determined  from  ICU  Triaxial  Tests 
of  Non-LiquefiaUe  Oayey  Foundation  Cap  Soil 
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Figure  285.  ICU  Triaxial  Compression  Test  Results  for  1984  Undisturbed  Specimens  ofThermalito  Forebay 
Suspect  SC/SM  Foundation  Sand 
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Figure  286.  Thermalito  Ford>ay  Drained  Static  Shear  Strength  Determined  from  ICU  Triaxial  Tests 
of  Suspect  Foundation  SC/SM  Sand 
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Figure  287.  Thermalito  Forebay  Vndrained  Static  Shear  Strength  Results  from  ICU  Triaxial  Tests 
of  Suspect  Foundation  SC/SM  Sand 
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Figure  288.  Thermalito  Forebay  Undrained  Static  Shear  Strength  Determined  from  ICU  Triaxial  Tests 
of  Suspect  Foundation  SC/SM  Sand 
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Figure  289.  Post-Cyclic  Static  Triaxial  Compression  Test  Results  for  1984Undisturbed  Specin 
ofThermalito  Forebay  Low  Dam  (Station  112)  Suspect  SC/SM  Foundation  Sand 
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Figure  290.  Residual  Shear  Strength  Determined  From  Post-Cyclic  Triaxial  Tests  Performed  on  1984  Specimens 
of  Thermalito  Forebay  Low  Dam  (Station  112)  Suspect  SC/SM  Foundation  Sand 
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5.  IDENTIFICATION  AND  MODELING  OF  CRITICAL  AREAS 


Introduction 

Two  areas  were  selected  for  detailed  analyses.  One  area 
was  located  at  the  Main  Dam  and  one  area  was  located  at 
the  Low  Dam.  The  sites  selected  contained  the  thickest 
and  lowest  SPT  blowcount  sand  layers.  Simplified  models 
for  the  two  critical  sites  were  developed  for  use  in  analy- 
ses of  static  stresses,  dynamic  stresses,  liquefaction,  and 
post-earthquake  stability. 

Identifying  Potential  Liquefaction  Sites 

A  SPT  Na  1  blowcount  of  30  was  adopted  for  preliminary 
screening  of  all  the  boring  profiles  in  order  to  identify  all 
sites  needing  further  examination  for  evaluating  liquefac- 
tion potential.  Because  of  the  tendency  for  some  soils  to 
break  down  and  become  more  plastic  with  remolding,  all 
soils  with  Nai  <  30,  even  clays,  were  considered  suspect 
in  this  initial  screening  stage. 

Identification  of  Most  Critical  Area 
at  the  Main  Dam 

Figure  291  presents  a  plan  view  of  the  Main  Dam  illus- 
trating the  locations  of  SPT  boreholes  and  the  lowest 
Nai  value  obtained  for  each  borehole.  This  figure  shows 
low  blowcounts  (Nai  <  30)  only  in  an  area  between  Sta- 
tion 10  and  12.  Low  blowcounts  appear  to  extend  from  the 
foundation  beneath  the  crest  to  areas  beyond  the  down- 
stream toe.  The  Nai  values  and  soil  types  in  this  area  are 
shown  again  in  detail  in  Figures  292  through  295.  These 
figures  show  a  low  blowcount  zone  of  clayey  and  silty 
sands  lying  principally  between  Elevations  153  and  165 
feet. 

Identification  of  Most  Critical  Area 
at  the  Low  Dam 

Thirteen  low  blowcount  sites  (Na  i  <  30  )  were  identified 
along  the  Low  Dam  during  the  exploration  programs,  as 
shown  in  Figures  243  through  250.  Table  48  (page  340) 
listed  the  sites  along  with  brief  physical  descriptions  and 
representative  blowcounts.  The  most  critical  of  these 
thirteen  sites  is  the  Station  112  area,  which  has  an 


18-foot-thick  foundation  layer  of  low  blowcount  sands. 
Figures  296  and  297  present  SPT  and  soil  type  data  ob- 
tained from  the  boreholes  placed  at  this  site.  This  site  was 
selected  after  considering  embankment  height,  founda- 
tion material,  average  SPT  A'^^i  blowcount,  thickness  of 
the  low  blowcount  layer,  and  fines  content.  Station  112  is 
most  critical  in  all  criteria  except  for  dam  height  as  com- 
pared with  Station  136  (30  feet  vs.  36  feet).  However,  Fig- 
ures 296  and  297  reveal  much  more  extensive  and  consis- 
tently low  blowcount  foundation  material  at  the  Station 
112  area  than  at  Station  136  (Figure  249,  page  334). 

Assumptions  For  Developing  Simplified  Models 

1.  The  silty,  gravelly,  clayey  sand  embankment  is  mod- 
eled as  a  dense  clayey  material  that  will  neither  liq- 
uefy nor  develop  significant  pore  pressures  during  an 
earthquake.  This  assumption  is  based  on  the  fact  that 
the  excavation,  working,  and  compaction  of  the  soil 
imparted  sufficient  strain  to  break  down  the  weath- 
ered material  into  a  dense,  plastic  mass.  Studies  of 
the  performance  of  compacted,  clayey  materials 
(Seed  et  al.,  1978)  have  shown  that  these  materials 
perform  very  well  during  earthquake  shaking. 

2.  Low  blowcount  clayey  sands  beneath  the  foundation 
cap  are  considered  potentially  liquefiable.  Normally, 
the  reverse  would  be  assumed  because  of  the  tradi- 
tional good  performance  of  clayey  materials.  How- 
ever, due  to  the  weathered  and  friable  nature  of 
these  materials,  it  may  be  quite  possible  that  the  plas- 
ticity found  in  the  field  or  in  the  lab  resulted  from 
remolding  the  material.  Therefore,  for  the  purposes 
of  these  analyses,  clayey  sands  will  be  assumed  to  be- 
have as  silty  sands  in  situ. 

3 .  Cyclic  loading  resistances  of  low  blowcount  materials 
will  be  defined  principally  by  the  Seed  and  Idriss 
(1982)  SPT  correlation  with  liquefaction  potential. 
Correlation  curves  for  magnitude  6.5  earthquakes 
are  shown  in  Figure  298.  The  two  curves  shown  in  this 
figure  are  for  clean  sand  (£>5o  >  0.25  mm)  and  silty 
sand  (Dso  <  0.15  mm).  It  can  be  seen  that  the  silty 
sand  curve  gives  higher  resistance  than  the  clean  sand 
curve.    Since  the  curves  are  parallel,  the  effect    is 
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Figure  291.  Minimum  Corrected  SPT  Resistance  Measured  Within  Borings  Drilled  at  Thermalito  Forebay  Main  Dam 


387 


0AM    CREST  ELEV. 


u 


:i 


O  ISO- 


It 


i: 


:i2L 


l!4---l 

sc 


IS.  I? 


C    CROUNO    SURFACE 
ALONG    DOWN- 
STREAM  TOE> 


NOTE:     FOR    LEGEND    SEE    FIG.  293 


Figure  292.  Thermalito  Forebay 

Station  10- 

Interpretation  of  Low  Blow 


^s 


^^K.^ 


^, 


I 1 70 

TO* 


4; 

SM    SI 


*a  -iro 

4S 

i_-l60 
SI 

3?. 
-150 


Main  Dam 

11  Area 

Count  Sand  Layer— Profile 


J^TO-^ 


Figure  293.  Thermalito  Forebay 

Station  10- 

Interpretation  of  Low  Blow 

Cross  Section  For 


DISTANCE  mOU  TOE 


..(COWWECTED   BU)WCauMT) 


LAB  ctA»tific*Tiox  <y 

trr   UMPIX  FM  N*,*BOVC 


riELD    CL*S«lflC*TIOM 


(12*) 

J5 


IW'I 


(39*)         (Si)  13S) 


□ 


^- 


H 


Main  Dam 

11  Area 

Count  Sand  Layer 

Stations  10  +  08  To  10  +  70 


i 


. 

= 

_^ 

rDAM 

CREST 

230- 

-r-' 

^ 

\ 

a. 

<n 

\ 

Y 

\ 

u. 

\ 

220- 

i 

X^ 

210- 

\ 

200- 

1 

NOTE 

0*M  CHOT  MOL£   IS            \ 

4"  Ltrr  Of  CHEST  q_           \ 

P 

1 

\ 

u 

2 

\ 

UJ 

iL 

z 

\ 

O  190- 

\ 

zz 

\ 

UJ 

_J 

Ul 

180- 

SCALE. 

M0HI2.:      1"  .  »• 

vEirr.:      1*  .  »' 

170- 

CL 

^ 

160- 

sc 

IS 

— 

SC" 

» 

17^ 

150- 

SM 
SC 

•it 

SM 

26 
SC 
53 

S6 

21 

140- 

5? 

70* 

SW 

+ 
70 

^ 

^ 

-70* 

Figure  294.  Thermalito  Forebay 

Station  10- 

Interpretation  of  Low  Blow 

Cross  Section  For 


392  - 


NOTE-.  FOR  LEGEND  SEE   FIGURE   2M 


(.*»  «••)     !»•)  (M'MrfHM') 


t  5         ?I         87         ° 


I         — 


N 


m 


S        12 

I 


n    tJK  10  ♦•T^ 


ST 


TO*  -140 


Main  Dam 

11  Area 

Count  Sand  Layer 

Stations  10  +  70  To  11  +  23 


-  393 


Figure  295.  Thermalito  Forebay 

Station  10 

Interpretation  of  Low  Blow 

Section  From  Dam 


(IMl 

SY 


UM'I 

4 


-jt: 


Main  Dam 
-11  Area 
Count  Sand  Layer 
To  Tail  Channel 


NOTE:   FOR  LEGEND  SEE  FIGURE   293 


^ 


s_ 


w 
sc 


ii 


=s 


Figure  296.  Thermalito  Forebay 

Station 

Interpretation  of  Low  Blow 


396 


kK. 


CH 

sc   ?0_1 


jC 


CREST  OF  WM 


"«C 


TOE  Of  0AM 


IL 


sc 

oc 
"sic 


Low  Dam 
112  Area 
Count  Sand  Layer— Profile 


I 


397 


\M 


-      8 


1^ 

SM 


5    i 


note: 

ALL  DAM    CKEST   HOLES 

A«£   I'  LEFT  OF  CHEST   i 

excErr  as  noted. 


Figure  297.  Thermalito  Forebay 

Station 

Interpretation  of  Low  Blow 


398- 


NOTE:    FOR   LEGCNO  SEC    FIGURE    2V3 


U-.80 
Z3 

sc 

L 


Low  Dam 
112  Area 
Count  Sand  Layer— Cross  Section 


399  - 


0.5 


0.4 


0.3 


0.2 


e 

(VJ    E 

L 

/ 

1 

/ 

/              1 

/      / 
/ 

/ 

^    / 

/ 

/ 

/ 

/ 
/ 

/ 

/ 

20 


30 


40 


MODIFIED    PENETRATION   RESISTANCE,  N,    blows/ft. 

Figure  298.    Correlation  Between  SPT  Resistance  and  Field  Liquefaction  Behavior  of  Sands  under  Level  Ground 
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equivalent  to  adding  7.5  blows  per  foot  to  a  silty  sand 
blowcount  and  using  the  clean  sand  curve.  Recent  re- 
search by  Seed  et  al.  (1985)  has  shown  that  curves 
based  on  fines  content  (fraction  passing  the  No.  200 
sieve)  also  show  increased  strength  for  silty  sands. 
Silty  sands  with  15  percent  fines  have  increased 
strengths  equivalent  to  clean  sands  with  blowcounts 
about  five  blows  per  foot  higher.  Figures  264  and  265 
(pages  359  and  360)  show  that  the  suspect  materials 
have  fines  contents  ranging  generally  between  15  and 
40  percent.  Even  with  some  particle  breakdown,  it 


can  be  reasonably  assumed  that  the  materials  gener- 
ally have  at  least  15  percent  fines. 

Therefore,  the  cyclic  strength  of  the  suspect  material 
will  be  determined  by  adding  five  blows  per  foot  to 
the  blowcounts  and  by  using  the  clean  sand  curve  in 
Figure  298.  The  strength  obtained  will  be  in  the  form 
of  a  cyclic  stress  ratio,  CSRi  ,  that  is  appropriate  for 
level  ground  conditions  at  about  1  tsf  effective  over- 
burden pressure.  This  stress  ratio  will  be  modified  for 
different  stress  conditions  using  cyclic  triaxial  test  re- 
sults. 
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Located  Between  Stations  108  and  118  at  the  Thermalito  Forebay  Low  Dam 


Simplified  Foundation  Model 
Main  Dam  —  Station  10-11 

The  SPT  results  from  21  borings  within  the  rectangle  of 
low  blowcounts  in  Figure  291  are  shown  together  in  Fig- 
ure 299.  The  blowcount  symbols  shown  in  Figure  299  rep- 
resent the  coarsest  or  least  plastic  of  either  the  field  or 
laboratory  classification  (i.e.,  if  the  field  classification  was 
SM  and  the  lab  classification  was  SC,  the  point  would  be 
plotted  as  SM). 

Figure  299  shows  that  the  upper  20  feet  of  the  foundation 
is  a  high  blowcount  clayey  material  with  some  gravel  par- 
ticles. This  material  is  considered  non-liquefiable  and 
would  be  expected  to  retain  its  full  strength  during  earth- 
quake shaking.  Downstream  of  the  dam,  three-quarters 
of  this  layer  is  above  the  ground  water  level. 

Beneath  this  clayey  cap  lies  a  relatively  low  blowcount  lay- 
er of  clayey  and  silty  sand  about  6  feet  thick.  This  suspect 
material  has  been  assigned  a  corrected  blowcount,  N^i, 


of  23.  This  number  is  equivalent  to  about  the  35th-per- 
centile  value,  which  is  commonly  used  as  a  conservative 
average.  By  adding  five  blows  per  foot  for  fines  content, 
and  using  the  clean  sand  curve  in  Figure  298,  the  resulting 
cyclic  stress  ratio,  CSR^ ,  is  about  0.36. 

Beneath  the  first  suspect  layer  is  another  6-foot-thick 
low  blowcount  layer  of  silty  sand.  This  layer  has  been  as- 
signed a  corrected  blowcount,  Na\  ,  of  28,  also  equivalent 
to  about  the  35th-percentile  value.  Using  the  same  pro- 
cedures presented  above,  the  resulting  stress  ratio, 
CSR^ ,  is  about  0.48. 

Beneath  the  two  suspect  layers  is  an  intermixed  material 
of  clays,  sands,  and  gravels  that  have  both  high  shear  wave 
velocities  and  high  blowcounts.  This  material  is  consid- 
ered non-liquefiable  and  would  be  expected  to  retain  its 
full  strength  during  earthquake  shaking.  This  dense  soil 
extends  between  32  and  88  feet  deep.  Beneath  this  soil  is 
basalt  bedrock. 


Simplified  Foundation  Model 
Low  Dam  —  Station  112 

The  SPT  results  obtained  from  borings  between  Stations 
108  and  118  are  presented  in  Figure  300.  This  figure 
shows  that  a  layer  of  low  blowcount  sandy  soil  exists  in  sig- 
nificant extent  only  between  Stations  111  and  113.  Pre- 
sented together  in  Figure  301  are  the  SPT  results  from 
borings  between  Station  111  and  113.  The  blowcount 
symbols  shown  in  this  figure  represent  the  coarsest  or 
least  plastic  of  either  the  field  or  laboratory  classification. 


The  upper  11  feet  is  composed  of  a  relatively  high  blow- 
count clayey  material.  This  material  is  considered  non-li- 
quef iable  and  would  be  expected  to  retain  its  full  strength 
during  earthquake  shaking. 

Beneath  the  clayey  cap  are  two  layers  of  low  blowcount 
clayey  and  silty  sands  with  a  combined  thickness  of  18 
feet.  Although  the  upper  suspect  layer  appears  to  be  pre- 
dominately clayey  sand,  the  weathered  nature  of  this  ma- 
terial requires  it  to  be  treated  as  a  silty  sand  (i.e.  liquefi- 


able).  Both  suspect  layers  have  been  assigned  a  corrected 
blowcount,  Nm,  of  19.  This  is  equivalent  to  about  the 
35th-percentile  value.  By  adding  five  blows  per  foot  for 
fines  content  and  using  Figure  298,  the  resulting  stress  ra- 
tio, CSRi  ,  is  about  0.30. 

Soils  underlying  the  suspect  layers  are  not  well  defined 
because  of  the  small  quantity  of  data.  However,  the  few 
blowcounts  indicate  high  strength  and  are  assumed  to  be 
highly  resistant  to  liquefaction  as  at  Station  10-11.  Al- 
though there  are  no  on-site  data  to  determine  the  depth 
to  bedrock,  it  is  assumed  that  basalt  lies  approximately 
100  feet  below  the  foundation  surface. 

Simplified  Embankment  -  Foundation  Models 

Figure  302  shows  the  foundation  layering  and  embank- 
ment sections  adopted  for  the  two  critical  sites.  All  static 
finite  element  analyses,  one-dimensional  dynamic  re- 
sponse analyses,  and  post-earthquake  slope  stability 
analyses,  will  be  based  on  the  models  shown  in  Figure 
302. 
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6.  STATIC  STRESS  ANALYSES 


Introduction 


Models 


Static  stress  analyses  were  performed  to  obtain  the  pre- 
earthquake  effective  stress  conditions  in  the  soils  at  the 
two  critical  sites.  These  stress  conditions  are  used  in  both 
the  determination  of  cyclic  soil  strengths  and  the  predic- 
tions of  earthquake-induced  stresses. 


Method  of  Analysis 

The  finite  element  computer  program  TWIST  was  used 
in  conjunction  with  program  NODALFOR  to  calculate 
static  stresses.  Program  NODALFOR  calculates  the  re- 
sultant hydrostatic  water  force  on  each  element  for  input 
to  TWIST.  TWIST  then  adds  these  water  forces  to  the 
gravity  forces  imparted  to  the  soil  to  obtain  the  effective 
static  stresses. 


Program  NODALFOR,  developed  by  the  Division  of 
Safety  of  Dams,  calculates  the  water  force  on  each  ele- 
ment. Water  pressures  at  each  node  are  estimated  from  a 
flow  net  and  input  to  the  program.  The  program  com- 
putes water  forces  on  the  sides  of  each  element,  based  on 
the  assumption  of  linear  variation  of  pressure  between 
nodes.  The  resultant  force  for  the  element  is  then  distrib- 
uted to  its  nodes  in  proportion  to  each  node's  contributing 
area  to  the  element.  The  total  water  force  at  each  node  is 
the  sum  of  the  water  forces  distributed  to  that  node  from 
all  of  the  adjacent  elements. 


Program  TWIST  is  an  in-house,  improved  version  of  pro- 
gram 4-CST  and  uses  a  quadrilateral  element  that  is  sub- 
divided into  two  incompatible  linear  strain  triangles.  The 
program  uses  linear  material  properties. 


The  dam/foundation  models  were  constructed  as  two- 
dimensional  finite  element  meshes  for  the  two  critical 
cross  sections  as  shown  in  Figures  303  and  304.  Layering 
for  the  models  was  determined  from  Section  5.  Young's 
modulus  values  were  chosen  from  values  published  by 
Wong  and  Duncan  (1974)  for  drained  triaxial  test  data  ob- 
tained for  similar  materials.  Factors  considered  in  estab- 
lishing Young's  modulus  were  gradations,  Atterberg  lim- 
its, densities,  and  stress  ranges.  Values  for  Poisson's  ra- 
tios were  assumed  based  on  general  familiarity  with  pub- 
lished values  for  similar  embankments.  Diy  density  values 
are  averages  from  construction  control  testing  for  the  em- 
bankment soils,  from  original  design  shear  test  samples 
for  shallow  and  deep  foundation  layers,  and  from  1981 
and  1984  triaxial  test  samples.  Flow  nets  were  drawn  to 
represent  conditions  based  on  a  maximum  reservoir  ele- 
vation of  225  feet  and  to  match  piezometer  readings,  as 
shown  in  Figure  305. 

Results 

Program  output  consists  of  effective  vertical  normal 
stresses,  effective  horizontal  normal  stresses,  horizontal 
shear  stresses,  and  alpha  values  (Alpha  is  defined  as  the 
ratio  of  the  horizontal  shear  stress  divided  by  the  effective 
vertical  normal  stress). 

Figures  306  and  307  show  the  pre-earthquake  distribu- 
tion of  effective  vertical  normal  stress  and  alpha  values 
for  the  two  sites.  These  stress  conditions  are  representa- 
tive of  the  maximum  operating  water  level  and  steady 
state  seepage  conditions.  Figures  308  and  309  show  the 
specific  effective  vertical  normal  stress  and  alpha  values 
of  the  suspect  sand  layers.  The  stress  values  for  all  of  the 
elements  are  presented  in  Addendum  C. 
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7.  DYNAMIC  RESPONSE  ANALYSES 


Introduction 

Dynamic  response  analyses  were  performed  to  determine 
which  portions  of  the  suspect  foundation  layers  might  liq- 
uefy during  the  postulated  earthquake  shaking.  To  per- 
form dynamic  response  analyses,  two  major  steps  are  re- 
quired: 

1.  Determine  the  appropriate  time  history  of  the  base 
acceleration  that  should  be  used  to  load  the  dam  and 
its  foundation. 

2.  Using  an  appropriate  dynamic  response  analysis 
technique,  compute  the  dynamic  displacements, 
strains,  and  stresses  induced  in  the  dam  and  founda- 
tion by  the  adopted  earthquake  motions. 

During  the  several  stages  of  this  evaluation  several  differ- 
ent earthquake  motions  and  dynamic  analyses  were  con- 
sidered and  performed. 

Background  on  Earthquake  Motions 
Used  in  Analyses 

Initially,  the  same  ground  motion  was  used  for  the  analy- 
ses of  Thermalito  Afterbay  and  Forebay  Dams  as  was 
used  for  the  Oroville  Dam  Analysis.  As  discussed  m  Bul- 
letin 203-78  Chapter  V,  this  motion,  with  a  peak  accel- 
eration of  0.6g,  was  to  represent  the  effects  of  a  magni- 
tude 6.5  earthquake  generated  on  the  Cleveland  Hill 
Fault,  located  only  a  few  mUes  away  from  Oroville  dam 
(see  Figure  310).  The  accelerogram  that  was  adopted,  a 
combination  of  the  Pacoima  (1971)  and  Taft  (1952)  re- 
cords, was  to  represent  a  surface  rock  motion. 

Since  Thermalito  Afterbay  Dam  has  a  soil  foundation  and 
is  farther  from  the  Cleveland  Hill  Fault  than  Oroville 
Dam,  different  ground  motions  were  adopted  for  that 
evaluation  in  1980.  Three  accelerograms  were  used.  Each 
one  was  a  record  of  ground  motion  from  a  recording  site 
on  soil  located  10  to  20  miles  from  the  energy  source  of  a 
magnitude  6.5  earthquake.  Each  accelerogram  was  scaled 
to  a  peak  acceleration,  Omax  ,  of  0.35g  for  the  Thermalito 
Afterbay  analyses.  See  Chapter  III  of  this  bulletin  for  a 
full  discussion  of  these  ground  motions.  The  same  acce- 
lerograms, scaled  to  Omax  =  0.4g  were  also  used  for  the 


Thermalito  Forebay  Dam  analyses  performed  during  the 
period  1980-83. 

A  report  describing  the  selection  of  the  revised  ground 
motions  for  the  Thermalito  Afterbay  analysis  was  submit- 
ted to  the  Special  Consulting  Board  for  the  Oroville 
Earthquake;  the  board  concurred  with  the  selections  in  an 
August  14, 1980  letter  from  Dr.  George  Housner,  Chair- 
man. However  that  report  considered  only  the  Cleveland 
Hill  Fault,  which  produced  ground  cracking  during  the 
1975  Oroville  earthquake,  as  the  source  for  a  future 
earthquake.  That  is,  no  mention  was  made  in  the  report  of 
other  possible  earthquake  sources. 

During  a  subsequent  Department  internal  review,  a 
northerly  extension  of  the  Prairie  Creek  Lineament  was 
also  identified  as  a  potential  earthquake  source.  This 
northerly  extension  is  closer  to  Thermalito  Forebay  Dam. 
than  is  the  Cleveland  HUl  Fault 

As  discussed  in  Bulletin  203-78,  Chapter  II,  pages  86  and 
87,  the  Prairie  Creek  Lineament  northerly  extension 
could  approach  quite  close  to  Thermalito  Forebay  (Fig- 
ure 310).  Since  the  location,  extent  and  characteristics  of 
the  possible  fault  associated  with  the  Prairie  Creek  Line- 
ament extension  could  be  very  difficult  to  determine,  due 
to  the  thick  valley  sediments  overlying  the  rock,  it  was  de- 
cided to  test  the  dam  for  an  earthquake  assumed  to  be 
generated  by  a  source  on  the  Prairie  Creek  Lineament 
2-3  miles  away.  As  shown  in  Figure  311  and  in  Table  53, 
average  peak  accelerations  in  rock  would  be  0.54g  to 
0.61g.  Peak  ground  accelerations  on  soil  surfaces  would 
be  expected  to  be  about  10  to  20  percent  lower  (Refer- 
ence 64).  Accordingly,  the  three  soil  surface  acce- 
lerograms used  in  the  1980-83  studies  were  scaled  to 
<3max  =  0.5^  for  the  analyses  performed  in  1983. 

In  an  early  review,  the  Division  of  Safety  of  Dams  speci- 
fied that  the  test  accelerogram  should  include  a  long  pe- 
riod component  (fling)  if  it  is  to  represent  ground  motions 
generated  by  a  fault  only  2-3  miles  from  the  dam.  The 
question  was  discussed  with  the  Special  Consulting  Board 
for  the  Oroville  Earthquake  (a  four-member  board)  who 
agreed  that  a  long  period  component  generally  should  be 
included  for  such  a  close  source  to  site  distance.     The 
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November  16, 1983  Board  report  recommended,  "While 
this  Board  believes  that  the  selected  earthquake  magni- 
tude of  6.5  at  a  distance  of  5  kilometers  is  extremely  con- 
servative and  subject  to  further  study  and  discussion,  it 
recommends  that  the  eight  member  Consulting  Board  for 
the  OrovUle  Earthquake  participate  in  any  further  rec- 
ommendations on  earthquake  ground  motions  for 
reanalysis  of  Thermalito  Forebay  Dam  and  Foundation". 

To  provide  the  Department  with  guidance  concerning  the 
earthquake  capability  of  the  Prairie  Creek  Lineament, 
members  of  the  Special  Consulting  Board  met  at  the  Uni- 
versity of  California  -  Berkeley  on  February  1, 1985.  The 
recommendations  derived  from  this  meeting  concerning 
the  Prairie  Creek  Fault  were  as  follows: 

"There  is  little,  or  no,  direct  evidence 
that  an  active  trace  of  the  Prairie  Creek 
Fault  extends  northwestward  of 
Palermo,  adjacent  to  the  Thermalito 
structures.  However,  in  view  of  the  gen- 
eral tectonic  structures  and  trends  in  the 
area,  the  Board  considers  it  desirable  to 
assume  that  such  an  extension  exists  and 
that  the  surface  projection  of  the  fault 
passes  about  2.5  miles  east  of  the 
Forebay  Dam.  It  is  also  likely  that  the 
fault  dips  to  the  west  as  do  the  other 
faults  in  the  area  such  as  that  observed 
in  the  1975  Cleveland  HUl  earthquake 
sequence. 

"Because  of  the  lack  of  a  definite  sur- 
face fault  trace  north  of  Palermo,  there 
is  a  significant  limit  to  the  size  and  recur- 
rence rate  of  earthquakes  likely  to  be 
produced  by  rupture  of  the  assumed 
fault  extension.  On  this  evidence,  the 
Board  considers  that  the  maximum 
nearby  earthquake  which  could  reason- 
ably occur  on  this  fault  is  a  shallow  Mag- 
nitude 6  event  with  a  rupture  surface  ex- 
tending down  to  about  10km.  When  ac- 
count is  taken  of  the  depths  of  the  likely 
zone  of  major  energy  release  on  the  as- 
sumed dipping  fault,  the  closest  distance 
of  this  dominant  seismic  source  from  the 
Forebay  and  Afterbay  Dams  should  be, 
for  safety  evaluation  purposes,  as  fol- 
lows: 


Forebay  Dam 
Afterbay  Dam 


3  miles 
7  miles 


"For  the  Afterbay  Dam,  this  distance  is 
the  same  as  that  considered  in  the  safety 
evaluation  already  performed  and  thus 
its  adoption  does  not  affect  the  recom- 
mendations contained  in  the  Afterbay 
Dam  Seismic  report. 

"For  the  Forebay  Dam,  the  Board  sug- 
gests that  the  safety  evaluation  earth- 
quake motions  should  have  the  follow- 
ing characteristics  (for  a  rock  outcrop 
motion): 

Peak  ground  acceleration:  0.45g 
Peak  ground  velocity:  35  cm/sec 

The  accelerogram  used  for  analysis  should  de- 
sirably have  a  "fling"  in  the  early  part  of  the 
record  and  an  acceleration  response  spectrum 
for  which  the  ratio  of  maximum  spectral  accel- 
eration, (So) max  ,  to  peak  ground  acceleration, 
flraax .  is  about  3  for  5%  damping.  The  general 
shape  of  the  acceleration  response  spectrum 
should  be  similar  to  those  generally  considered 
representative  of  rock  response  spectra.  In  the 
vicinity  of  the  dam,  however,  the  maximum 
ground  acceleration  on  soil  deposits  should  not 
exceed  about  0.55g  and  the  accelerations  in 
rock  should  be  limited  as  necessary  to  corre- 
spond to  this  limitation  on  ground  surface  mo- 
tions." 


Subsequent  to  receiving  this  set  of  recommendations 
from  the  Special  Consulting  Board,  several  analyses  were 
performed  in  1985  using  the  Oroville  Reanalysis  Earth- 
quake scaled  to  have  a  peak  acceleration  of  0.45g.  How- 
ever, an  interim  review  performed  by  the  Division  of 
Safety  of  Dams  indicated  strong  objections  to  the  use  of  a 
MCE  for  the  Prairie  Creek  Lineament  that  was  any  less 
than  the  6.5  value  adopted  for  the  Cleveland  Hill  Fault. 
The  reasons  for  this  position  are  detailed  in  a  December 
26,  1985  memorandum  by  C.  M.  dePolo  and  include  evi- 
dence of  ground  cracking  and  aftershock  activity  along  the 
fault  trace  extension  following  the  1975  Oroville  Earth- 
quake. 


Earthquake  Motions  Adopted  for 
Current  Evaluation 


To  resolve  questions  regarding  earthquake  motions  and 
enable  the  evaluation  to  proceed  to  a  conclusion,  it  was 
decided  to  use  the  Oroville  Reanalysis  Earthquake  scaled 
to  have  a  peak  acceleration  of  0.6g  and  a  peak  velocity  of 
47  cm/sec.  This  is  the  same  motion  adopted  for  analyzing 
Oroville  Dam  for  a  near-field  magnitude  6.5  earthquake. 
It  is  also  consistent  with  the  conservative  assumption  that 
the  Prairie  Creek  Lineament  extends  close  toThermalito 
Forebay  Dam  and  is  capable  of  a  future  6.5  magnitude 
earthquake  (see  Figure  311  and  Table  53).  It  should  be 
noted  that  this  adopted  scaling  of  peak  acceleration  rep- 


resents a  33  percent  increase  over  the  peak  acceleration 
value  recommended  by  the  Special  Consulting  Board. 

Figure  312  presents  a  plot  of  the  Oroville  Reanalysis 
Earthquake  scaled  to  have  a  peak  ground  acceleration  of 
0.6g.  This  motion  has  a  long  period  "fling"  component  lo- 
cated within  the  first  5  seconds  of  the  record.  Figure  313 
presents  the  acceleration  response  spectrum  for  this  mo- 
tion together  with  the  scaled  mean  and  84th  percentile 
(mean  plus  one  standard  deviation)  response  spectra  de- 
termined for  rock  sites  by  Seed  et  al.  (1974). 

In  general,  the  Department's  approach  is  to  select  a  mean 
scaling  factor,  such  as  peak  acceleration  or  peak  velocity, 
for  use  in  scalmg  a  design  or  reanalysis  accelerogram.  The 
accelerogram  should  have  an  acceleration  response  spec- 
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Table  53.  Average  Peak  Accelerations  Predicted  for  Magnitude  6.5  Earthquake 


Horizontal 
Distance* 

Average  Peak 
Acceleration** 

Location 

Fault 

(Miles) 

(Rock) 

Main  Dam 

Cleveland  HUl 

5.5 

0.42g 

Prairie  Creek  Lineament  Extension 

3.0 

0.54g 

Low  Dam 

Cleveland  Hill 

4.5 

0.46g 

10 
11 

Prairie  Creek  Lineament  Extension 

2.0 

0.61g 

*See  Figure  3 
**See  Figure  3 

trum  which  approaches  the  84th  percentile  spectrum  and 
should  exceed  the  average  spectrum  for  most  periods  of 
interest.  Although  Figure  313  shows  that  the  Oroville 
Reanalysis  Earthquake  meets  this  criteria  for  most  peri- 
ods, it  is  also  clear  that  this  motion  is  deficient  for  periods 
lower  than  0.35  seconds  and  for  periods  between  0.5  and 
0.8  seconds.  The  deficiency  at  very  low  periods  is  not  par- 
ticularly significant  for  the  earth  structures  at  Thermalito. 
However,  the  deficiency  for  periods  between  0.5  and  0.8 
seconds  could  be  a  significant  nonconservatism  because 
embankment  and  foundation  conditions  at  some  loca- 
tions along  the  Forebay  exhibit  similar  natural  periods  of 
vibration  during  strong  earthquake  shaking. 

To  address  the  deficiency  of  the  Oroville  Reanalysis 
Earthquake,  it  was  decided  to  also  perform  analyses  using 
a  scaled  version  of  the  1940  El  Centro  record.  This  re- 
cord, shown  in  Figure  314,  has  been  scaled  to  have  a  peak 
acceleration  of  0.55g,  about  ten  percent  lower  than  the 
value  used  for  the  Oroville  Reanalysis  Earthquake,  to  re- 
flect the  fact  that  this  motion  is  a  soil  surface  motion  as 
opposed  to  a  rock  motion.  This  motion  was  chosen  be- 
cause its  response  spectrum,  except  for  low  periods,  es- 
sentially meets  the  average  stiff  soil  spectrum  and  meets 
the  84th  percentile  spectrum  between  periods  between 
0.5  and  1.1  seconds  (see  Figure  315).  Consequently,  the 
El  Centro  record  provides  a  good  complement  motion  to 
be  used  in  analyses  with  the  Oroville  Reanalysis  Earth- 
quake. 

The  earthquake  motions  adopted  are  not  necessarily  con- 
sidered to  be  the  expected  ground  motions,  but  rather  the 
strongest  earthquake  motions  that  could  reasonably  be 
postulated  for  the  site,  especially  considering  the  uncer- 
tainties regarding  the  Prairie  Creek  Lineament.  The 


adopted  motions  are  used  with  the  idea  that  if  the  analy- 
ses show  that  the  dam  will  withstand  these  motions,  earth- 
quake performance  will  have  been  proven  satisfactory 
without  having  to  expend  time  and  other  resources  in  an 
effort  to  determine  the  specific  characteristics  of  the  Prai- 
rie Creek  Lineament  Zone. 

Methods  of  Analysis 

Computer  programs  SHAKE  and  QUAD4  were  used  to 
determine  stresses  in  the  low  blowcount  sand  layers  at  the 
two  critical  dam  sites.  Both  the  Oroville  Reanalysis 
Earthquake  and  the  Modified  El  Centro  Record  were 
used  as  input  to  each  of  the  programs. 

Program  SHAKE  is  a  one-dimensional  dynamic  response 
analysis  based  on  a  solution  to  the  wave  equation.  The 
program  computes  the  responses  in  a  system  of  homoge- 
neous, visco-elastic  layers  of  infinite  horizontal  extent 
subjected  to  vertically  traveling  shear  waves.  Each  layer  is 
defined  by  thickness,  density,  shear  modulus,  and  damp- 
ing. 

The  non-linearity  of  the  shear  modulus  and  damping  val- 
ues is  accounted  for  by  the  use  of  equivalent  linear  soil 
properties  (Seed  and  Idriss,  1970)  using  an  iterative  pro- 
cedure to  obtain  values  for  modulus  and  damping  com- 
patible with  the  effective  strains  in  each  layer.  Standard 
normalized  curves  (Seed  and  Idriss,  1970),  shown  in  Fig- 
ure 316,  define  the  non-linear  properties  of  shear 
modulus  and  damping  with  respect  to  strain. 

Program  QUAD4  is  a  finite  element  analysis  that  evalu- 
ates the  seismic  response  of  soil  structures  using  a  direct 
integration  scheme  for  solving  equations  of  motion.  Each 
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Oroville  Reanalysis  Earthquake 
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Figure  312.   Oroville  Reanalysis  Earthquake  Acceleration  Time  History — Rock  Motion 
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416 


Modiried  El  Centra  Record 
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Figure  314.  Modified  El  Centra  Earthquake  Motion— Ground  Motion 
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Figure  315.  Modified  El  Centro  Acceleration  Response  Spectrum 
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Figure  316.   Thermalito  Forebay,  Standard  Modulus  Reduction  and  Damping  Curves  (after  Seed  and  Idriss,  1970) 


element  in  the  mesh  is  assigned  an  individual  value  of 
damping  ratio  and  shear  modulus  depending  upon  the  av- 
erage shear  strain  anticipated  during  the  earthquake.  As 
with  program  SHAKE,  the  QUAD4  program  uses  an  it- 
erative procedure  and  the  equivalent  linear  method  to  ac- 
count for  the  non-linearity  of  soil  properties.  The  proce- 
dure works  by  first  estimating  the  average  dynamic  shear 
strain  that  would  be  induced  in  each  soil  layer  or  element. 
The  shear  modulus  and  dampmg  values  associated  with 
that  strain  value  are  then  used  in  the  analyses  for  the  first 
iteration.  These  properties  remain  constant  during  the 
shaking.  After  the  response  has  been  computed,  the  cal- 
culated strain  values  are  compared  to  the  assumed  values. 
If  the  different  strain  values  produce  a  difference  greater 
than  5  percent  in  the  corresponding  material  properties, 
then  the  analysis  is  repeated  using  the  new  soil  proper- 
ties. 

The  material  properties  used  in  the  SHAKE  and  QUAD4 


analyses  are  shown  in  Figures  317  and  318  for  the  critical 
sites.  The  density  values  for  the  loose  sand  layers  were  ob- 
tained from  the  1980-1981  piston  samples.  Density  val- 
ues for  other  soils  came  from  tests  conducted  during  de- 
sign. The  shear  modulus  values  at  low  strain  (Gmax)  for 
the  Station  10-11  model  were  obtained  from  the  shear 
wave  velocity  data  obtained  in  Boreholes  TFS-4D  and 
79-10  (Figures  251  and  253).  From  these  shear  wave  ve- 
locities and  calculated  Gmax  values,  the  equivalent  .^2max 
and  (Grmx/Su  =  2200)  modulus  parameters  were  deter- 
mined and  used  in  the  computer  analyses  to  define 
modulus.  Shear  modulus  parameters  for  the  Station  112 
soils  were  determined  using  typical  values  obtained  from 
both  the  Station  10-11  site  and  from  Thermalito  Afterbay 
sites.  For  the  suspect  sand  layers,  these  relationships 
yielded  Kimax  values  ranging  between  69  to  76  for  both 
the  Main  Dam  and  Low  Dam  models. 
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Figure  317.   Thermalito  Forebay  Main  Dam,  Station  10-11  Area— Model  and  SHAKE  Column  Locations 
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Figure  318.   Thermalito  Fordray  Low  Dam,  Station  112  Area— Model  and  SHAKE  Column  Locations 


Results  from  Program  SHAKE 

SHAKE  analyses  were  performed  for  eight  columns  at 
each  of  the  two  critical  sites  to  determine  the  response 
across  the  section  of  the  dam.  The  soil  columns  used  are 
Ulustrated  in  Figures  317  and  318. 

The  Oroville  Reanalysis  Earthquake  shown  in  Figure  312 
represents  a  motion  recorded  on  the  surface  or  outcrop  of 
rock.  Consequently,  it  cannot  be  used  directly  as  the  base 
rock  motion  beneath  the  soil  column  as  the  overlying  soil 
has  an  effect  on  the  base  motion  induced  in  the  rock.  To 
account  for  this  effect,  program  SHAKE  converts  the 
rock  outcrop  motion  into  a  base  rock  sublayer  motion  for 
each  soil  column  analyzed  (see  Figures  319  and  321). 


The  Modified  El  Centro  record  shown  in  Figure  7-5  rep- 
resents a  motion  recorded  on  the  surface  of  soil  in  the 
free-field.  To  use  this  motion  with  program  SHAKE,  the 
Modified  El  Centro  record  was  applied  at  the  surface  of  a 
downstream  soil  column  and  deconvolved  down  into  an 
equivalent  rock  outcrop  motion.  This  equivalent  rock  out- 
crop motion  was  then  used  to  determine  base  rock  sub- 
layer motions  for  use  in  analyzing  other  columns  (see 
Figures  320  and  322). 

The  acceleration  time  histories  calculated  by  SHAKE  for 
the  selected  soil  layers  within  the  crest  and  downstream 
soil  columns  are  presented  in  Figures  319  through  322. 
Peak  acceleration  values  calculated  at  all  soil  layers  for 
the  columns  analyzed  are  shown  in  Figures  323  through 
326. 
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Fig^re  319.  Thermalito  Forebay  Main  Dam  Acceleration  Response— Computed  from 
using  the  Oroville  Reanalysis  Earthquake  Rock  Motion 
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Figure  320.  Thermalito  Forebay  Main  Dam  Acceleration  Response—  Computed  from  Program  SHAKE 
using  the  Modified  El  Centra  Ground  Motion  Record 


Results  from  Program  QUAD4 

Program  QUAD4  is  a  finite  element  analysis  that  em- 
ploys a  base  acceleration  excitation  appliecj  at  the  bottom 
row  of  nodes.  As  with  program  SHAKE,  it  is  inappropri- 
ate to  use  rock  or  soil  motions  recorded  at  free-field  sur- 
faces for  direct  application.  Consequently,  the  Oroville 
Reanalysis  Earthquake  and  El  Centro  motions  shown  in 
Figures  312  and  314  cannot  be  used  directly  as  base  mo- 
tions. To  account  for  the  boundary  conditions,  the  base 
rock  motions  calculated  by  SHAKE  at  the  base  of  the 
downstream  foundation  profile  (Column  1)  were  used  in 


the  QUAD4  analyses  for  both  motions. 

Figures  327  through  330  present  selected  acceleration 
time  histories  calculated  by  QU AD4  for  both  critical  sites 
and  both  earthquake  motions.  Shown  in  Figures  331 
through  334  are  comparisons  between  horizontal  shear 
stress  time  histories  calculated  in  the  suspect  layers  by 
both  programs  SHAKE  and  QUAD4.  Although  there  are 
some  differences  between  the  two  sets  of  computations, 
both  programs  generally  give  similar  patterns  of  re- 
sponse, and  peak  values  are  generally  within  10  to  30  per- 
cent of  each  other. 


Dynamic  Shear  Stresses  Adopted  for  Evaluations 

The  QUAD4  method  of  analysis  better  represents  the  ac- 
tual geometry  of  the  embankment  and  foundation  condi- 
tions than  does  program  SHAKE  (i.e.  2-dimensional  vs. 
1-dimensional  analysis).  Consequently,  the  stresses  de- 
termined using  the  QUAD4  analyses  are  adopted  for  use 
in  calculating  the  extent  of  liquefaction  in  the  foundation 
soils.  The  peak  dynamic  shear  stresses  calculated  within 
the  suspect  foundation  soils  are  presented  in  Figures  335 
and  336  for  both  critical  sites  and  both  earthquake  mo- 
tions. 

Because  two  earthquake  motions  were  analyzed,  there 
are  two  sets  of  induced  stresses  for  each  suspect  soil  ele- 
ment at  the  two  critical  sites.  For  the  suspect  foundation 
soil  elements,  the  two  earthquake  motions  produce  peak 


dynamic  shear  stresses  that  are  generally  within  10  to  20 
percent  of  each  other.  Liquefaction  determinations  could 
be  made  using  both  sets  or  by  using  the  average  of  the  two 
sets  of  stresses  calculated  for  each  element.  However,  it 
was  decided  instead  to  simply  use  the  larger  of  the  two  sets 
of  stresses  as  an  extra  conservatism  to  account  for  any  of 
the  possible  deficiencies  inherent  in  the  two  earthquake 
motions.  For  analyses  of  the  Station  10-11  Main  Dam 
model,  the  Oroville  Reanalysis  Earthquake  always  pro- 
duced higher  stresses  within  the  suspect  soils.  However, 
for  the  Station  112  Low  Dam  model,  the  modified  El 
Centro  record  often  produced  the  higher  stresses. 

Addendum  E  presents  additional  results  from  the  dy- 
namic response  analyses  performed  and  compares  results 
between  programs  SHAKE  and  QUAD  4. 
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Figure  321.   Thermalilo  Forebay  Low  Dam  Acceleration  Response— Computed  from 
using  the  Oroville  Reanalysis  Earthquake  Rock  Motion 
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Figure  322.   Thermalilo  Forebay  Low  Dam  Acceleration  Response—  Computed  from  Program  SHAKE 
using  the  Modified  El  Centro  Ground  Motion  Record 


423 


.42             ELEV 

231' 

0            20           40 

ELEV.  2?5'   7 

p.""^ 

.41       ^^-^•«5 

.37 

^43 

hSi 

-^ 

SS,----^ 

.36 

^^^ 

.e.    .--^ 

.34 

.40 

.41 

.46 

...           ^ 

y 

.50 

36 

.41 

.38 

.68 

37\                                               . 

.72 

.67 

71 

.44 

Y//////A 

W//////A 

■i9y//>*^                y7/. 

'■^'/////// 

^'d''//////. 

'ni//////. 

HV///, 

'aV///////// 

'^^V//// 

^:i:^i:i:i:^ 

;4k\V\\\v^ 

.4\V\V\^V         x^\V\< 

:x<SSS^ 

vV^.iKWWV^'sVWVW 

.^5kV\\V 

.4',.\V 

v\\\\\> 

^m\\V\Vs 

.45 

.39 

.53 

.51 

.54 

.46 

.38 

.47 

.46 

.37 

.41 

.41 

.43 

.44 

.36 

.37 

.36 

.41 

.42 

,7 

.38 

.43 

.37 

.39 

.42 

.42 

.42 

.47 

.41 

■"9         .... 

•42     ... 

■'»,3 

.43 

.46 

.48 

.45 

.60 

Figure  323.   Thermalito  Forebay  Main  Dam  Maximum  Horizontal  Accelerations — Determined  from  Program  SHAKE  analyses 
using  the  OroviUe  Reanalysis  Earthquake 
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Figure  326.    ThermaUto  Forebay  Low  Dam  Maximum  Horizontal  Accelerations— Determined  from  Program  SHAKE  analyses 
using  the  Modified  El  Centro  Record 
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Figure  327.    Themudito  Forebay  Main  Dam— Horizontal  Acceleration  Time  Histories  Computed  by  Program  QUAD4 
using  the  OroviUe  Reanalysis  Earthquake 
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Figure  328.   Thermalito  Forebay  Main  Dam— Horizontal  Acceleration  Tune  Histories  Computed  by  Prop-am  QUAD4 
using  the  Modified  El  Centra  Record 
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Figure  329.    Thermalito  Forebay  Low  Dam— Horizontal  Acceleration  Time  Histories  Computed  by  Program  QUAD4 
using  the  Oroville  Reanalysis  Earthquake 
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Figure  330.   Thermalito  Forebay  Low  Dam— Horizontal  Acceleration  Time  Histories  Computed  by  Program  QUAD4 
using  the  Modified  El  Centro  Record 
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Figure  331.  Dynamic  Horizontal  Shear  Stress  Time  Histories  Computed  in  the  Suspect  Sand  Layers  at 
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Figure  332.  Dynamic  Horizontal  Shear  Stress  Time  Histories  Computed  in  the  Suspect  Sand  Layers  at 
Thermalito  Forebay  Main  Dam  by  Programs  SHAKE  and  QUAD4  using  the  Modified  El  Centra  Record 
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Thermalito  Forebay  Low  Dam  by  Programs  SHAKE  and  QUAD4  using  the  Modified  El  Centro  Record 


;j?;|;jn|:;u|;^|;i?^|:;ii|i?^|!;;^||!^i^»s     Ant>r^i&^^'>m\Vm^^ti^^^\^^^^^^^^^^^ 


MAXIMUM  SHEAR  STRESSES.  Tn,Qx(Psf) 
(OROVILLE  REANALYSIS  EQ) 


;o'li?M:?.'gl!gnl;??j|iJf?l:.'iiiil!?li^:itelggfev     .^MlSllr.lr.??gl-^^^at?:jl;y,ill:.nl!l1ll;X^^1:^ 


MAXIMUM   SHEAR  STRESSES,  tmaxlpsf) 
rVlODIFIEU  EL  CENTRO  RECORD) 


0  30 


SCALE  IN  FEET 

Figure  335.  Maximum  Dynamic  Horizontal  Shear  Stresses  Computed  for  the  Suspect  Foundation  Sand  Layers 
in  the  Thermalito  Forebay  Main  Dam  Model 
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Figure  336.  Maximum  Dynamic  Horizontal  Shear  Stresses  Computed  for  the  Suspect  Foundation  Sand  Layers 
in  the  Thermalito  Forebay  Low  Dam  Model 


8.  DETERMINATION  OF  PREDICTED  ZONES  OF  LIQUEFACTION 


General 

The  determination  of  which  portions  of  the  suspect  foun- 
dation soils  might  liquefy  was  performed  using  the  Seed- 
Lee-Idriss  method  of  analysis  (see  References  66  and  67). 
In  this  approach,  the  horizontal  plane  is  considered  criti- 
cal and  factors  of  safety  are  calculated  by  comparing  the 
earthquake-induced  cyclic  shear  stresses  developed  on 
this  plane  to  the  cyclic  shear  strength  or  liquefaction  re- 
sistance mobilized  on  this  plane.  This  general  definition 


becomes  somewhat  complicated  because  the  cyclic  load- 
ing resistance  of  soil  depends  on  the  number  of  cycles  of 
loading.  Thus,  for  evaluations  of  liquefaction  potential, 
both  cyclic  loading  and  cyclic  resistance  must  be  com- 
pared for  the  same  number  of  cycles  of  stress.  However, 
earthquake-induced  stresses  are  highly  irregular  cyclic 
patterns  and  it  is  necessary  to  convert  each  pattern  into  an 
equivalent  number  of  uniform  stress  cycles,  Neq ,  in  order 
to  make  comparisons.  Thus,  the  factor  of  safety  in  this 
liquefaction  evaluation  is  defined  as: 


i.FS)iiq   =     Factor  of  safety  against  liquefaction  development 


{FS)uq 


Cyclic  Loading  Resistance  on  Critical  Plane  for  Ngq  cycles 
Cyclic  Loading  on  Critical  Plane  for  Neq  cycles 


To  convert  an  irregular,  earthquake-induced  stress  pat- 
tern into  an  equivalent  uniform  stress  pattern,  the  ap- 
proach detailed  by  Seed  and  Idriss  (1982)  was  used.  In  this 
approach,  the  equivalent  average  shear  stress,  tavg .  is 
equal  to  65  percent  of  the  maximum  shear  stress,  Tmax' ,  of 
the  irregular  stress  pattern.  Because  large  magnitude 
earthquakes  have  larger  durations  of  strong  shaking,  the 
equivalent  number  of  uniform  cycles,  Ngq ,  increases  with 
increasing  earthquake  magnitude.  For  a  65  percent  aver- 
aging factor.  Seed  and  Idriss  (1982)  suggest  a  Neq  value  of 
8  cycles  for  a  magnitude  6.5  earthquake. 


Determination  of  Cyclic  Loading  Resistance 


Although  numerous  cyclic  triaxial  tests  were  performed 
on  recovered  samples  of  low  blowcount  suspect  soils  (see 
Section  4  and  Addendum  D),  these  results  were  not  used 
to  determine  cyclic  strengths.  This  is  because  such  tests 
are  now  recognized  within  the  engineering  profession  as 
being  excessively  influenced  by  sample  disturbance.  A 
common  result  from  laboratory  tests  is  that  the  in  situ 
strengths  of  medium  dense  and  dense  soils  are  underesti- 
mated, and  the  strength  of  very  loose  soils  is  overesti- 
mated. This  has  lead  to  many  test  programs  yielding  very 
similar  cyclic  loading  resistances  for  soils  ranging  from 
medium  loose  to  very  dense  in  situ  (e.g.  see  Castro,  1975). 


Figure  337  presents  the  isotropically-consolidated  cyclic 
triaxial  test  results  obtained  from  1981-84  Thermalito 
Forebay  Dam  foundation  samples.  Since  the  cyclic  triaxial 
test  does  not  reproduce  field  conditions,  a  correction  fac- 
tor (  Cr  )  is  used  to  modify  the  cyclic  triaxial  test  results. 
Results  presented  in  Figure  337  show  a  significant  scatter 
of  resistances  for  different  confining  pressures,  sampling 
sites,  and  in  situ  blowcounts  at  the  sampling  sites.  Al- 
though samples  of  silty  sand  indicated  a  trend  of  increased 
laboratory  strength  with  increased  SPT  blowcount,  the 
reverse  trend  can  be  observed  for  the  more  clayey  SC/SM 
samples.  Also  shown  on  this  figure  is  the  cyclic  loading  re- 
sistance determined  using  SPT  correlations  for  the  sus- 
pect layer  at  the  Station  112  site.  Although  the  SPT 
strength  matches  the  overall  average  of  the  laboratory 
data,  the  SPT  strength  is  for  a  Nm  blowcount  of  19 
whereas  the  laboratory  strength  is  for  samples  from  layers 
having  generally  higher  Nm  values  ranging  between  17 
and  39.  This  comparison  thus  also  supports  the  results  of 
other  studies  indicating  that  cyclic  triaxial  tests  can  signifi- 
cantly underestimate  the  cyclic  loading  resistance  of  me- 
dium dense  and  dense  soils  (e.g.  see  Tokimatsu  and 
Yoshimi,  1981). 

The  cyclic  loading  resistances  of  the  suspect  foundation 
sands  at  the  two  critical  sites  were  determined  in  Section  5 
using  the  Seed  and  Idriss  (1982)  correlation  between  SPT 
blowcount    and    liquefaction    resistance.    The    cyclic 
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strengths  of  the  suspect  sands,  expressed  as  cyclic  stress 
ratios     for     level     ground     overburden     pressures 


(CSRi  =  ts/oy)  are  as  follows: 


Cyclic  Stress 

Elevation 

35th  Percentile 

Fines 

Ratio  for  M  =  6^ 

Interval 

SPT  NA^ 

Content 

(8  cycles) 

Site 

(ft) 

(Blows/foot) 

(%) 

(s/y/) 

Station  10-11 

159-165 

23 

>15% 

0.36 

153-159 

28 

>15% 

0.48 

Station  112 

172-190 

19 

>15% 

0.30 

The  SPT  correlation  can  provide  cyclic  stress  ratios 
{CSRx )  that  are  appropriate  for  level  ground  (a  =  0) 
overburden  conditions  of  about  1  tsf.  However,  the  dam 
foundation  at  the  two  critical  sites  exist  generally  beneath 
sloping  ground  (a  >  0)  and  with  overburden  condi- 
tions that  are  not  1  tsf.  To  adjust  CSRi  values  for  the  con- 
ditions, the  following  formula  suggested  by  Seed  (1983) 
was  used: 

r^   =   CSR-x  X  KaX  Ka   =  (ts/o'y)   x  o'y  x  K„  x  K„ 

where: 

Xs      =  cyclic  loading  resistance 

CSRi    =  average  cyclic  stress  ratio  required  to  cause 
liquefaction  in  8  cycles  for  a  level  ground 
overburden  pressure  of  about  1  tsf —from 
Seed  and  Idris  s(1982)  correlation: 

For  Nai  =  19,  (CSRi  =  Xs/oy)  =  0.30 
For  Nai  =  23,  {CSR^  =  Xs/oy)  =  0.36 
For  Nai   =  28,  (CSR^  =  Xs/oy)   =  0.48 


The  Kg  and  Ka  corrections  are  simply  scaling  factors  to 
account  for  consolidation  conditions.  The  values  of  the 
corrections  were  obtained  for  a  set  of  cyclic  triaxial  tests 
performed  for  Thermalito  Afterbay  silty  sands  having 
SPT  blowcounts  of  20  (see  Chapter  III).  Thermalito  Af- 
terbay data  was  used  because  there  were  insufficient  good 
quality  anisotropically-consolidated  tests  available  from 
Thermalito  Forebay  soils.  The  tests  produced  the  follow- 
ing corrections:  (see  next  column) 


Effective  Confining  Pressure 
(tsforksc) 

K 

a  =  0 

K 
a  =  0.18 

1.0 

2.5 

1.00 
0.70 

1.76 
1.60 

These  correction  factors  are  either  comparable  or  lower 
than  the  typical  values  reported  by  Seed  (1983).  To  evalu- 
ate elements  with  overburden  pressures  different  than 
either  1.0  or  2.5  tsf  and/or  alpha  values  different  than 
either  0  or  0.18,  the  above  values  were  used  to  develop 
interpolated  or  extrapolated  values. 

Determination  of  Liquefaction  Factors  of  Safety 

Safety  factors  against  the  development  of  liquefaction 
were  calculated  using  the  approach  outlined  above  and 
contain  the  following  components: 

1.     Seed-Lee-Idriss  Method  defining  the  horizontal 
plane  as  the  critical  plane  (see  References  66  and  67). 


2.  Earthquake-induced  cyclic  shear  stresses  on  the 
horizontal  plane  calculated  using  finite  element 
analysis  QUAD4.  The  larger  of  the  stresses  from 
analyses  using  the  Oroville  Reanalysis  Earthquake 
and  Modified  El  Centro  motions  was  used. 

3.  The  equivalent  uniform  cyclic  stress  pattern  was  8  cy- 
cles with  an  amplitude  equal  to  65  percent  of  the 
peak  stress  calculated  by  QUAD4. 

4 .  The  cyclic  shear  strength  was  obtained  using  the  Seed 
and  Idriss  (1982)  SPT  correlation,  together  with  the 
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Figure  337.   Comparison  of  Cyclic  Triaxial  Test  Results  of  Foundation  SC/SM  Material 


35th  percentile  SPT  Na\  blowcount  for  the  suspect 
soils.  The  cyclic  shear  strength  was  extended  to  dif- 
ferent consolidation  conditions  using  Ka  and  Ka  cor- 
rection factors  determined  from  cyclic  triaxial  tests 
performed  on  Thermalito  Afterbay  silty  sand  with  an 
Na\  equal  to  20.  Figures  338  and  339  present  the 
safety  factors  in  the  suspect  sands  for  the  two  mod- 
eled sites.  Also  shown  in  these  figures  are  induced 
pore  pressure  ratios  corresponding  to  the  liquefac- 
tion safety  factors. 

Results  for  the  Station  10-11  Main  Dam  model  (Figure 


338)  indicate  significant  zones  of  liquefaction  and  excess 
pore  pressure  upstream  of  the  dam's  centerline,  but 
little  liquefaction  either  beneath  the  downstream  slope  or 
downstream  of  the  dam. 

The  results  for  the  Station  112  Low  Dam  model  (Figure 

339)  indicate  liquefaction  in  the  suspect  layers  upstream 
of  the  dam's  centerline  and  downstream  of  the  toe.  How- 
ever, beneath  the  downstream  slope  and  extending  some- 
what downstream  beyond  the  embankment  toe,  the  sus- 
pect soil  layer  does  not  completely  liquefy,  although  some 
excess  pore  pressures  are  predicted. 
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Figure  338.   Thennalito  Forebay  Main  Dam  (Station  10-11  Area)  Factors  of  Safety  Against  Liquefaction 
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Figure  339.   Themudito  Forebay  Main  Dam  (Station  112  Area)  Factors  of  Safety  Against  Liquefaction 


9.  POST-EARTHQUAKE  SLOPE  STABILITY  ANALYSES 


Introduction 

Post-earthquake  slope  stability  analyses  were  performed 
to  determine  if  the  earthquake-induced  pore  pressures 
and/or  liquefaction  that  might  develop  in  portions  of  the 
suspect  foundation  layers  would  lead  to  failure  of  the  em- 
bankment. Since  these  pore  pressures  would  not  dissipate 
immediately  after  the  earthquake,  the  static  shear 
strength  of  the  foundation  sands  would  remain  greatly  re- 
duced. The  extreme  case  would  be  in  the  liquefied  zones, 
where  the  strength  would  be  reduced  to  its  residual  shear 
strength. 

The  post-earthquake  slope  stability  analyses  consisted  of 
two  steps: 


1.     Selection  of  soil  strengths 
earthquake  conditions. 


to  represent  the  post- 


2.     Calculation  of  safety  factors  against  sliding  on  trial 
failure  surfaces  through  the  high  pore  pressure 


No  seismic  inertial  forces  (i.e.  pseudostatic)  were  used  in 
these  analyses.  This  was  because  the  predicted  zones  of 
liquefaction  beneath  the  embankments  correspond  to 
liquefaction  factors  of  safety  generally  between  0.8  and 
1.0.  Thus,  it  required  virtually  the  full  duration  of  signifi- 
cant earthquake  shaking  to  liquefy  these  zones,  leaving 
very  little  of  the  earthquake  motions  to  load  the  structure 
after  the  onset  of  liquefaction.  In  addition,  the  number  of 
equivalent  cycles  for  a  magnitude  6.5  earthquake  is  rela- 
tively small  (e.g.  8  cycles  for  M=  6.5  vs.  25  cycles  for 
M  =  8).  These  two  facts  thus  indicate  that  post-liquefac- 
tion inertial  forces  would  be  relatively  small. 

Post-Earthquake  Shear  Strengths 

Clayey  Embankment  and  Foundation  Cap 

Studies  of  the  behavior  of  embankment  dams  composed 
of  and/or  founded  on  clayey  soils  have  shown  that  such 
soils  perform  very  well  during  even  very  strong  earth- 
quake shaking  (see  Seed  et  al.,  1978).  Consequently,  such 
soils  are  believed  to  not  sustain  significant  strength  losses 


during  earthquake  shaking.  However,  to  allow  for  some 
possible  degradation  of  strength,  the  following  strength 
reductions  were  incorporated  in  the  stability  analyses: 

1.  Undrained  shear  strengths  are  considered  appropri- 
ate for  the  saturated  portions  of  the  clayey  soils  be- 
cause the  critical  period  of  time  for  stability  problems 
following  an  earthquake  is  believed  to  be  only  a  few 
hours.  The  static  undrained  strengths  of  the  clayey 
materials  are  considered  to  be  those  determined  us- 
ing the  xff  vs  ofc'  stress  interpretation  of  the  triaxial 
compression  test  results  using  a  15  percent  axial 
strain  failure  criterion.  To  account  for  possible 
strength  degradation  in  the  clayey  soils,  a  20% 
strength  reduction  was  used  in  modeling  these  soils 
in  the  stability  analyses.  These  reduced  strengths  are 
equivalent  to  those  obtained  using  the  Mohr  circle 
stress  interpretation  of  the  results  together  with  a  10 
percent  axial  strain  failure  criterion  (see  Table  52). 

2.  To  account  for  the  potential  development  of  tensile 
cracks  in  the  embankment,  the  soil  strength  above 
the  phreatic  surface  was  reduced  to  zero  cohesion 
and  a  friction  angle  of  30  degrees. 

Non-Liquefied  Suspect  Foundation  Soils 

Portions  of  the  suspect  foundation  sands  were  deter- 
mined to  not  liquefy  during  the  postulated  earthquake 
loading.  These  are  the  zones  in  Figures  338  and  339 
where  the  factor  of  safety  against  liquefaction  is  greater 
than  1.0.  Nevertheless,  these  soil  zones  would  be  ex- 
pected to  experience  some  strength  loss.  To  model  this 
strength  loss,  the  excess  dynamic  pore  pressures  com- 
puted in  Section  8  were  used  together  with  the  drained 
strengths  of  the  suspect  soils. 

Liquefied  Suspect  Foundation  Soils 

The  portions  of  the  suspect  foundation  sands  that  were 
determined  to  liquefy  in  Section  8  are  considered  to  have 
sustained  significant  strength  losses.  The  residual 
strengths  of  liquefied  soils  are  undoubtedly  heavily  influ- 
enced by  the  in  situ  conditions  of  the  soil  (e.g.  void  ratio, 
relative  density,  particle  cementation,  etc.)  As  with  cyclic 
loading  resistance  determinations,  conventional  sampling 
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Figure  340.   Relationship  between  Residual  Shear  Strength  and  Equivalent  Clean  Sand  SPT  Value  of  {Ni)(, 
(after  Seed  et  al.,  1988) 


and  testing  approaches  are  not  believed  to  be  capable  of 
reliably  determining  residual  shear  strengths  of  liquefied 
soUs.  Although  Section  3  describes  attempts  made  to  de- 
termine residual  strengths  using  1984  Thermalito 
Forebay  samples  in  post  liquefaction  triaxial  compression 
tests,  these  results  are  not  credible  because  of  potential 
sample  disturbance  effects.  In  addition,  because  these 
samples  were  first  cyclically  loaded  to  failure,  significant 
void  ratio  redistribution  could  have  taken  place  making 
the  post-cyclic  test  results  even  more  suspect . 

At  the  current  (1988)  time,  only  two  approaches  are  gen- 
erally believed  to  be  theoretically  capable  of  determining 
the  residual  shear  strength  of  liquefied  soils: 

1.  The  correlation  developed  by  Seed  (1987),  which  is 
based  on  the  performance  of  soils  during  earth- 
quakes. In  this  correlation,  corrected  equivalent 
clean  sand  SPT  resistance  [(N^eolcs  ,  is  related  to 


the  residual  shear  strength  back-calculated  from 
movements  induced  in  soil  structures. 

2.  The  steady-state  strength  approach  outlined  by 
Poulos  et  al.  (1985).  In  this  approach,  residual  or 
steady  state  strengths  are  determined  using  un- 
drained  triaxial  compression  tests  in  conjunction  with 
void  ratio  corrections  to  account  for  void  ratio 
changes  caused  during  sampling  and  testing.  To  use 
this  approach,  extremely  careful  sampling  and  den- 
sity measurement  techniques  are  required  during  the 
sampling,  sample  handling,  and  testing  phases. 

Figure  340  presents  the  most  recent  version  of  the  Seed 
correlation  between  equivalent  clean  sand 
[{N{)(,o]cs  corrected  SPT  blowcount  and  residual  shear 
strength  (see  Reference  70).  This  corrected  blowcount 
employs  different  corrections  than  the  ones  employed  in 
developing  the  A'^^i  values  used  for  the  Thermalito 
sites.  The  differences  are  as  follows: 
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1.  The  corrections  for  test  procedures  are  different.  As 
detailed  in  Table  46,  p.  307,  an  (A'^Oeo  blowcount  is 
approximately  13%  less  than  an  Na\    blowcount. 

2.  The  Seed  (1987)  SPT  blowcounts  represent  equiva- 
lent clean  sand  penetration  resistance.  To  convert 
blowcounts  obtained  in  silty  sand  with  a  fines  content 
of  about  25%,  Seed  (1987)  suggests  adding  2  blows 
per  foot  to  the  measured  blowcount. 


Presented  in  Table  54  are  the  35th  percentile  SPT  blow- 
count values  corresponding  to  the  suspect  foundation 
sands  at  the  two  critical  sites.  In  addition  to  presenting  the 
blowcounts  in  terms  of  both  A/^Ai  and  [(Af^eolc^  values, 
Table  54  indicates  the  level  of  residual  shear  strength  that 
the  Seed  (1987)  correlation  would  predict.  Since  the  SPT 
correlation  does  not  actually  extend  to  the  blowcount  val- 
ues appropriate  to  the  critical  sites  at  Thermalito  Fore  - 
bay,  an  extension  of  the  lower  bound  curve  was  used. 


Table  54.  Residual  Shear  Strengths  Predicted  Using  the  Seed  et  al.  (1988)  Correlation 

Elevation 
Interval 
Site                            (feet)                   Nax 

Residual  Shear  Strength 
Predicted  Using  Seed 

(A^i)60                [(A^i)60lcs                  Correlation  (psO 

Main  Dam  Station 
10-11 

159-169 
153-159 

23 

28 

20.0 
24.5 

22.0 
26.5 

>  2,000 

>  2,000 

Low  Dam  Station 

172-190 

19 

16.5 

18.5 

>    800 

Table  54  indicates  that  the  residual  shear  strength  of  the 
suspect  soils  at  both  sites  would  be  greater  than  800  psf 
usmg  the  Seed  (1987)  correlation.  Although  steady-state 
strength  tests  were  not  performed  for  Thermalito  soils, 
some  insight  as  to  what  this  alternative  approach  might 
have  yielded  can  be  obtained  by  examining  Figure  341, 
developed  from  data  presented  by  Von  Thun  (1986).  It 
shows  the  residual  strength  predicted  using  the  steady- 
state  approach  compared  to  the  corrected  equivalent 
clean  sand  SPT  blowcount  of  the  soils  tested.  Also  shown 
Figure  341  is  the  Seed  (1987)  correlation  between  cor- 
rected SPT  blowcount  and  residual  strength. 

The  data  in  Figure  341  show  that  the  steady-state 
strength  approach  generally  gives  significantly  higher  re- 
sidual strength  values  than  does  the  Seed  (1987)  correla- 
tion. For  the  equivalent  clean  sand  SPT  blowcounts  found 
within  the  suspect  sands  at  Thermalito  (18.5  to  26.5),  the 
steady-state  strength  approach  gives  residual  strengths 
between  1300  and  7500  psf. 

In  light  of  the  above  comparisons,  a  residual  strength 
value  of  800  psf  was  conservatively  adopted  for  the  lique- 
fied zones  within  the  suspect  foundation  layers  at  both 
critical  sites. 


Slope  Stability  Analyses 

The  post-earthquake  slope  stability  analyses  were  per- 
formed by  assuming  trial  failure  surfaces  through  the  em- 
bankment and  suspect  foundation  soils.  The  trial  failure 
surfaces  considered  in  these  analyses  were  oriented  to  in- 
tercept the  suspect  foundation  layers. 

Reservoir  elevation  was  assumed  to  be  maximum  normal 
water  surface.  Elevation  225  feet.  This  value  was  assumed 
because  the  Forebay  reservoir  level  is  generally  held  at  or 
near  this  elevation  throughout  the  year. 

The  Modified  Bishop  Method  using  an  IBM  PC  version  of 
computer  program  BISHOP  was  used  to  evaluate  circular 
surfaces.  Spencer's  Method,  using  an  IBM  PC  version  of 
computer  program  STABL,  was  used  to  evaluate  wedge- 
shaped  surfaces. 

Figures  342  and  343  show  the  most  critical  of  several  up- 
stream and  downstream  surfaces  analyzed  for  the  two 
critical  sites  studied.  Table  55  summarizes  the  minimum 
slope  stability  factors  of  safety  corresponding  to  the  criti- 
cal surfaces.  For  both  sites,  the  minimum  factor  of  safety 
corresponds  to  a  circular  surface  on  the  downstream  side. 
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Figure  342.   Thermaliio  Forehay  Main  Dam—Summary  of  Critical  Failure  Surfaces  Determined  from 
Post-Earthquake  Stability  Analyses 
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Figure  343.    Thermalito  Forebay  Low  Dam— Summary  of  Critical  Failure  Surfaces 
Determined  from  Post-Earthquake  Stability  Analyses 


Table  55.  Summary  of  Post- 

Earthquake  Slope  Stability  Analysis 

Site 

Sliding  Surfaces 

Upstream  Factor 
of  Safety 

Downstream  Factor 
of  Safety 

Station  10-11 

Circular  (PGM  BISHOP) 
[Modified  Bishop  Method] 

2.48 

1.81* 

Main  Dam 
Model 

Wedge  (PGM  STABL) 
[Spencer's  Method] 

3.25 

2.00 

Station  112 

Circular  (PGM  BISHOP) 
[Modified  Bishop  Method 

2.90 

1.60* 

Model 

Wedge  (PGM  STABL) 
[Spencer's  Method] 

3.43 

1.74 

*Most  critical  for  site  analyzed 

For  the  Station  10-11  Main  Dam  model,  the  minimum 
factor  of  safety  is  1.8.  For  the  Station  112  Low  Dam 
model,  the  minimum  factor  of  safety  is  1.6. 

Pore  pressure  redistribution  effects  were  not  estimated 
for  the  following  reasons: 

1.  Distribution  of  material  types,  densities,  residual 
strengths,  and  permeabilities  is  very  complex  within 
the  modeled  loose  sand  layers.  Pore  pressure  redis- 
tribution within  the  layer  cannot  be  estimated  with 
any  reasonable  degree  of  certainty.  Because  of  the 


added  factor  of  permeability,  redistribution  estimates 
are  even  less  certain  than  estimates  of  initial  induced 
pore  pressures.  Although  crude  simplifying  assump- 
tions were  made  for  the  Afterbay  analyses  (Chapter 
III),  the  authors  were  not  satisfied  that  a  reasonable 
answer  resulted,  and  judged  that  answer  to  be  exces- 
sively conservative. 

2.  The  minimum  slope  stability  factors  of  safety  for  the 
two  critical  sites  are  between  1.6  and  1.8.  Based  on 
the  redistribution  effects  found  for  Thermalito  Af- 
terbay Dam  (Chapter  III),  a  factor  of  safety  in  excess 


of  1.6  would  be  an  ample  safety  margin  for  pore  pres- 
sure redistribution. 

3.  Since  the  residual  shear  strength  values  used  in  this 
study  are  based  on  those  determined  from  actual  case 
histories,  the  effect  of  pore  water  pressure  redistribu- 
tion may  already  be  accounted  for. 

Effect  Of  Residual  Shear  Strength 

Many  analyses  of  post-earthquake  slope  stability  are  sen- 
sitive to  the  values  of  residual  shear  strength  adopted  for 
zones  predicted  to  liquefy.  In  an  effort  to  quantify  the 
sensitivity  of  the  computed  factor  of  safety  to  different 
values  of  residual  shear  strength,  additional  slope  stability 
analyses  were  performed.  The  results  of  these  analyses 
are  presented  in  Figures  344  and  345. 


Figure  344  shows  that  the  Station  10-1 1  Main  Dam  analy- 
ses are  relatively  insensitive  to  changes  in  residual  shear 
strength.  This  is  because  only  a  relatively  small  portion  of 
the  suspect  foundation  sands  at  this  site  was  determined 
to  completely  liquefy  for  the  postulated  earthquake  mo- 
tions. Figure  345  shows  that  the  Station  112  Low  Dam 
analyses  are  more  sensitive  to  changes  in  residual  shear 
strength.  However,  if  the  residual  shear  strength  is  set  at 
400  psf,  equal  to  only  half  of  the  lower-bound  value  sug- 
gested by  Seed  (1987)  and  Seed  et  al.  (1988),  the  factor  of 
safety  drops  to  1.4,  a  margin  of  safety  generally  consid- 
ered acceptable. 

Even  for  a  zero  residual  shear  strength  assumption  (ex- 
tremely conservative),  the  factor  of  safety  remains  at  1.2 
or  higher.  Accordingly,  the  analyses  show  that  the  em- 
bankment will  retain  adequate  sliding  stability  for  the 
postulated  earthquake  motion. 
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FiguTe  344.   Thermalito  Forebay  Main  Dam— Critical  Factors  of  Safety  Vs.  Residual  Shear  Strengths 
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10.  EVALUATION  OF  CONCRETE  WINGWALL  DAMS 


Introduction 


Description  of  Concrete  Wingwall  Dams 


As  described  in  Section  2,  two  concrete  gravity  dams  or 
wingwall  structures  form  part  of  Thermalito  Forebay 
Dam.  These  two  structures  flank  the  Thermalito 
Powerplant  Headworks  Structure  and  are  known  as  the 
Approach  Channel  and  the  Wingwall  dams  (see  Figure 
210,  page  273).  The  seismic  stability  of  the  headworks 
structure  was  found  to  be  adequate  in  a  previous  study 
(see  Chapter  II  of  this  bulletin).  Although  a  modem  con- 
crete gravity  dam  has  never  failed  during  an  earthquake, 
potential  failure  during  seismic  shaking  was  considered  to 
be  possible  by  one  of  the  following  two  modes: 

a.  Seismic  shaking  resulting  in  instability  or  sliding.  Be- 
cause the  two  dams  are  founded  on  relatively  fresh 
basalt,  the  foundation  mass  was  considered  generally 
competent  and  highly  resistant  to  sliding.  A  similar 
conclusion  was  reached  for  the  concrete  mass.  For 
these  reasons,  sliding  at  the  concrete/rock  interface 
was  considered  critical. 

b.  Seismic  shaking  resulting  in  the  generation  of  large 
tensile  stresses  within  the  concrete  mass.  Tensile 
stresses  greatly  in  excess  of  the  concrete's  tensile 
strength  could  lead  to  severe  cracking  and  sliding  on 
cracked  surfaces. 


Approach  Channel  Dam 

The  Approach  Channel  Dam  consists  of  six  monoliths 
(A-1  through  A-6),  which  block  the  end  of  the  approach 
channel.  The  monoliths  are  founded  on  basalt  rock 
(T'vm),  which  was  described  in  the  "Final  Geology  Re- 
port" as  being  generally  fresh  to  slightly  weathered.  Dur- 
ing construction,  the  foundation  was  stripped  to  firm  rock 
and  cleaned  with  air  jets.  Both  blanket  and  curtain  grout- 
ing were  performed. 

The  monoliths  are  joined  by  two  9-inch  polyvinyl  chlo- 
ride waterstops  which  bracket  a  5-inch  asphalt  seal.  The 
northern  four  monoliths  (A-3  through  A-6)  are  less  than 
44  feet  high.  However,  the  two  most  southern  monoliths 
(A-1  and  A-2)  have  variable  geometries  with  monolith 
A-1  increasing  to  a  maximum  height  of  82  feet  (see  Fig- 
ure 223,  page  292).  Although  the  two  southern  monoliths 
contain  a  drainage  gallery,  the  following  analyses  as- 
sumed that  drainage  was  obstructed  during  the  earth- 
quake, requiring  full  uplift  pressure  to  be  included  in  the 
analyses. 

Wingwall  Dam 


To  evaluate  the  seismic  stability  of  the  two  concrete  dams 
for  the  two  potential  modes  of  failure,  the  following  stud- 
ies were  performed: 

1.  Simplified  pseudodynamic  sliding  analyses  were  per- 
formed for  the  critical  monolith  cross  section  of  the 
two  structures. 

2.  Simplified  stress  analyses  were  run  to  determine  the 
level  of  earthquake-induced  tensile  stresses  that 
might  develop  within  the  concrete  monoliths. 

3.  The  performance  of  similar  structures  which  have 
sustained  strong  earthquake  shaking  in  the  past  was 
reviewed. 


The  Wingwall  Dam  consists  of  three  monoliths  (A,  B,  and 
C)  which  generally  have  the  same  cross  section  and 
51-foot  height.  However,  a  small  portion  of  monolith  A 
was  extended  to  have  a  maximum  height  of  71  feet  (see 
Figure  222,  page  291).  The  Wingwall  Dam  is  founded  on 
basalt  rock  similar  to  the  Approach  Channel  Dam  and  re- 
ceived similar  foundation  treatment  during  construction. 
As  with  the  Approach  Channel  Dam,  the  monoliths  are 
joined  by  polyvinyl  chloride  waterstops  and  an  asphalt 
seal.  The  eastern  end  of  monolith  C  butts  up  against  the 
embankment  of  the  Main  Dam  at  Station  2  +  03  as  shown 
in  Figure  224,  page  293.  The  Wingwall  Dam  does  not  con- 
tain a  drainage  gallery  and,  therefore,  the  full  uplift  pres- 
sure was  assumed  to  act  on  the  base  of  the  monoliths. 
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Figure  346.  Static  and  Pseudo-Dynamic  Forces  Acting  on  Channel  Dam  -  Typical  Section 


Concrete  Mixes 

The  interior  masses  of  the  concrete  monoliths  were  con- 
structed using  a  2.5-sack  concrete  mix.  A  relatively  thin 
facing  mix  of  3-sack  concrete,  believed  to  be  approxi- 
mately 3  to  5  feet  thick,  was  apparently  placed.  The  aver- 
age 1-year  compressive  strength  was  found  to  be  about 
3800  psi  for  the  2.5-  sack  mix  and  4500  psi  for  the  3-sack 
mix. 

Pseudodynamic  Sliding  Analyses 

General 

During  design,  many  of  the  Oroville  Project  concrete 
dams  were  analyzed  for  pseudodynamic  sliding  and/or 
overturning.  The  sliding  analyses  generally  used  a  con- 
crete/rock interface  direct  shear  strength  of  500  psi  and  a 
pseudodynamic  seismic  coefficient  of  0.  Ig.  Due  to  the  en- 
velopment of  the  embankment  fill,  the  Wingwall  Dam 
was  apparently  not  analyzed.  However,  the  Approach 
Channel  Dam  was  analyzed  for  both  overturning  and 
psuedodynamic  loadings.  When  analyzed  for  overturning, 
the  force  resultant  fell  within  the  middle  third  of  the  base 
for  both  static  and  pseudodynamic  (O.lg)  loadings.  The 
sliding  factor,  or  ratio  of  horizontal  to  vertical  loading,  for 
the  operating  case  with  seismic  force  was  found  to  be  from 
0.57  to  0.83. 

Re-evaluation  of  Pseudodynamic  Sliding 

During  design  and  the  re-evaluation  of  other  concrete 
dams  within  the  Oroville  Project  (see  Bulletin  203-78), 
the  Department  analyzed  sliding  stability  using  the 
shear-friction  equation: 


For  the  re-evaluation  of  the  wingwall  dams,  a  pseudo- 
dynamic  coefficient  of  0.6g,  equal  to  the  postulated  peak 
ground  acceleration,  was  used  in  addition  to  the  static 
horizontal  forces.  A  hydrodynamic  force  based  on  the 
0.6g  peak  acceleration  and  procedures  developed  by  the 
U.  S.  Bureau  of  Reclamation  (see  Reference  9)  was  also 
incorporated  in  the  sliding  analyses.  Because  the  500  psi 
represents  a  relatively  high  shear  resistance,  calculations 
were  also  made  using  a  reduced  cohesion  strength  of  90 
psi.  The  reduced  value,  which  represents  less  than  3  per- 
cent of  the  unconfined  compressive  strength  of  the  con- 
crete, is  representative  of  below  average  concrete/rock 
bond  strength  and  was  used  in  an  effort  to  determine  the 
sensitivity  of  the  sliding  stability  to  the  assumed  shear  re- 
sistance. 

Approach  Ctiannel  Dam 

Although  the  variable  geometry  of  the  monolith  A-1 
yields  a  maximum  height  of  82  feet,  the  downstream  side 
of  this  monolith  butts  up  against  basalt  rock  (see  Figure 
223,  page  292)  and  thus  cannot  easily  slide  downstream.  A 
similar  geometric  condition  exists  for  portions  of  mono- 
lith A-2.  Although  monoliths  A-3  through  A-5  are 
smaller  in  height  at  approximately  44  feet,  they  do  not 
butt  up  against  basalt  on  the  downstream.  Consequently, 
the  sliding  analyses  assumed  that  monoliths  A-3  through 
A-5  were  critical  for  sliding.  Figure  346  presents  a  cross 
section  representative  of  Monolith  A-3  together  with  the 
static  and  pseudodynamic  forces  loading  the  monolith. 
Summing  up  the  applied  horizontal  forces  yields  the  fol- 
lowing factors  of  safety  against  sliding  for  monolith  A-3: 

For  a  cohesion  strength  of  500  psi:  Sliding  F.  S.  =  12.2 
For  a  cohesion  strength  of  90  psi:  Sliding  F.  S   =    2.2 


Q  = 

CA  +  N  tan  4, 
H 

where      Q 
H 
C 
A 

N  tan  (}> 

=     Sliding  factor  of  safety 

=     Summation  of  total  horizontal  forces 

=     Cohesion  strength  =  500  psi 

=   Area  of  base 

=   Frictional  Strength  =  assumed  =  to  0 

For  concrete  dams  founded  on  sound  rock,  the  shear  re- 
sistance was  defined  as  a  cohesion  strength  of  500  psi. 


The  2.2  factor  of  safety  is  considered  both  adequate  and 
conservative. 

As  an  additional  stability  check,  the  stability  of  monolith 
A-1,  with  a  height  of  82  feet,  was  also  analyzed  by  assum- 
ing horizontal  sliding  on  a  52-foot  horizontal  rock  sur- 
face. The  52-foot  length  is  equal  to  the  inclined  length 
along  the  actual  rock  surface.  By  using  this  resistance,  to- 
gether with  the  higher  applied  static  and  pseudodynamic 
horizontal  loading  corresponding  to  the  82-foot  maxi- 
mum height  of  monolith  A-1,  a  conservative  estimate  of 


sliding  stability  is  determined.  The  calculations  for  the 
modified  A-1  monolith  section  yields  the  following  fac- 
tors of  safety  against  sliding: 

For  a  cohesion  strength  of  500  psi :  Sliding  F.  S.  =  SJ. 
For  a  cohesion  strength  of    90  psi :  Sliding  F.  S.   =  L^. 


As  for  monolith  A-3,  the  minimum  1.5  factor  of  safety 
computed  for  monolith  A-1  using  the  conservative  proce- 
dures outlined  above  is  considered  adequate. 

Wingwall  Dam 

Although  the  Wingwall  Dam  monoliths  are  embedded 
within  the  embankment  fill,  simplified  sliding  analyses 
were  performed  in  an  effort  to  gain  some  insight  to  the 
possible  sliding  stability  of  the  monoliths.  The  calcula- 
tions were  performed  in  the  same  manner  as  for  the  Ap- 
proach Channel  Dam  with  the  embankment  soil  ignored 
in  the  calculations.  The  fill  was  ignored  because  soil- 
structure  interaction  behavior  during  seismic  loadings  is 
not  well  understood:  the  potential  resistances/loadings  of 
the  soil  relative  to  the  concrete  are  very  questionable  due 
to  strain  compatibility  problems. 

Figure  347  presents  a  51-foot  high  cross  section  generally 
representative  of  all  three  monoliths  of  the  Wingwall 


Dam.  Also  shown  in  this  figure  are  the  generalized  static 
and  pseudodynamic  forces  used  in  the  stability  calcula- 
tions. Summing  up  the  applied  horizontal  forces  yields 
the  following  factors  of  safety  against  sliding  for  the 
monoliths  of  the  Wingwall  Dam: 

For  a  cohesion  strength  of  500  psi :  Sliding  F.  S.  =  13.1 
For  a  cohesion  strength  of    90  psi :  Sliding  F.S.=    ZA 

Figure  222,  page  291,  shows  that  the  western  portion  of 
monolith  C  expands  to  a  height  of  about  71  feet.  To  ac- 
count for  the  increased  height  on  this  portion,  the  calcula- 
tions were  repeated  by  conservatively  assuming  a  uniform 
monolith  height  of  71  feet.  Summing  up  the  applied  hori- 
zontal forces  yields  the  following  factors  of  safety  against 
sliding  for  the  higher  monolith  height: 


For  a  cohesion  strength  of  500  psi :  Sliding  F.  S. 
For  a  cohesion  strength  of    90  psi :  Sliding  F.  S. 


As  for  the  Approach  Channel  Dam  monoliths,  the  calcu- 
lated factors  of  safety  against  sliding  are  considered  both 
adequate  and  conservative.  Table  56  presents  a  summary 
of  the  factors  of  safety  against  sliding  calculated  for  the 
monoliths  within  both  the  Approach  Channel  and 
Wingwall  Dams. 


Table  56.  Summary  of  Pseudostatic  Factors  in  Safety  Against  Sliding  for  Concrete  Dam  Monoliths 

Dam 

Monolith 

Height 

(ft) 

Cohesion 
(psi) 

Factor 
of  Safety 

Approach  Channel  Dam 
Approach  Channel  Dam 

Mod.  A-1 
Mod.  A-1 

82 
82 

90 
500 

1.5 
8.1 

Approach  Channel  Dam 
Approach  Channel  Dam 

A-3 

A-3 

90 
500 

2.2 
12.2 

Wingwall  Dam 
Wingwall  Dam 

Mod.  A 
Mod.  A 

90 
500 

1.6 
8.9 

Wingwall  Dam 
Wingwall  Dam 

c 

c 

90 
500 

2.4 
13.1 

Simplified  Dynamic  Tensile  Stress  Analyses 

General 

The  potential  for  the  development  of  excessive  tensile 
stresses  and  consequent  cracking  within  the  dam  was  ana- 
lyzed by  performing  simplified  dynamic  stress  analyses. 


The  analyses  follow  the  general  procedure  outlined  by 
Chopra  (1978)  and  consider  that  the  principal  response  is 
estimated  using  an  earthquake  design  spectrum.  This  pro- 
cedure also  included  the  capability  of  analyzing  hydrody- 
namic  forces  and  the  effect  of  reservoir  water  on  the 
dam's  fundamental  period. 
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Figure  347.  Static  and  Pseudo-Dynamic  Forces  Acting  on  Wingwall  Dam  -  Typical  Section 
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Figure  348.  Approach  Channel  Dam— Modified  Cross-Sections  used  in  Simplified  Dynamic  Tensile  Stress  Analyses 
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To  estimate  the  maximum  tensile  stresses  within  the  con- 
crete dam  monoliths,  two  computer  solutions  were  used: 
The  first  is  program  GRAVDAM,  written  by  the  Division 
of  Safety  of  Dams  (Reference  4).  The  other  is  Program 
SMPL,  written  by  Fenves  and  Chopra  (1986).  Although 
both  solutions  are  based  on  the  procedure  outlined  in  the 
Chopra  (1978)  study,  the  two  programs  also  incorporate 
corrections  developed  from  studies  of  concrete  dams  us- 
ing more  sophisticated  finite  element  techniques  (see 
References  42  and  43).  A  summary  of  the  modifications 
follows: 


Modification                      GRAVDAM 

SMPL 

InHuence  of  foundation  stiff- 
ness on  response  is  approxima- 
ted (programs  do  not  use  same 
technique) 

X 

X 

Added  damping  effects  on  hydro- 
dynamic  forces  due  to  reservoir 
bottom  absorption 

X 

X 

Effects  of  higher  modes 
approximated 

X 

In  the  analyses  of  the  Thermalito  Forebay  concrete  dams, 
both  programs  used  the  84th  percentile  acceleration  re- 
sponse spectrum  determined  for  rock  outcrops  by  Seed  et 
al.  (1974).  This  response  spectrum  was  computed  using  5 
percent  viscous  damping  and  was  scaled  to  have  a  peak 
acceleration  of  0.6g  at  small  periods.  For  calculations  us- 
ing Program  SMPL,  an  alpha  value  of  unity  for  reservoir 
sediment  effects  was  conservatively  adopted.  Although 
Program  SMPL  prescribes  the  use  of  damping  values 
higher  than  5  percent  (as  high  as  23  percent  for  the  pa- 
rameters and  geometries  considered  in  this  study)  the 
highest  damping  value  used  in  the  analyses  of  the  Ther- 
malito structures  was  conservatively  set  at  5  percent.  The 
simplified  analyses  are  considered  to  give  more  conserva- 
tive results  than  more  detailed  finite  element  analysis 
techniques  (References  33  and  43). 

Analysis  Parameters 

The  value  of  concrete  unit  weight  and  modulus  of  elastic- 
ity (  Ec  )  was  selected  to  be  158  pcf  and  5  million  psi,  re- 
spectively. These  values  are  the  same  as  those  adopted  for 
analyzing  the  Thermalito  Diversion  Dam  and  the  Ther- 
malito Powerplant  Headworks  Structure  (see  Bulletin 


203-78  and  Chapter  II  of  this  bulletin).  The  value  for  the 
foundation  modulus  of  elasticity  (  £y  )  is  uncertain.  A 
modulus  of  20  million  psi  would  be  appropriate  to  the 
fresh  basalt  attributed  to  the  foundation.  However,  the 
shear  wave  velocity  test  results  obtained  within  the  Mid- 
dle and  Lower  Basalt  flows  (  T^^  and  T^i  )  indicate  a 
modulus  of  elasticity  of  only  about  1  million  psi  (see  Fig- 
ure 253).  Consequently,  values  of  1,  5  and  20  million  psi 
were  employed  for  foundation  modulus  of  elasticity  in  the 
calculations.  A  foundation  modulus  of  20  million  psi  pro- 
duces a  Ef  I  Ec  ratio  of  4,  indicating  a  relatively  rigid 
foundation.  A  foundation  modulus  of  1  million  psi  pro- 
duces a  £y  I  Ec  ratio  of  0.2,  indicating  a  relatively  flexible 
foundation. 

Approach  Channel  Dam 

Tensile  stress  calculations  were  made  for  both  the  highest 
monolith  (A-1)  and  for  the  typically-sized  monolith 
(A-4)  in  the  Approach  Channel  Dam  (see  Figure  348). 
Because  the  variable  geometry  of  monolith  A-1  was  not 
in  a  form  readily  analyzed  by  the  computer  methods,  two 
different  modified  cross  sections  were  used  for  the  calcu- 
lations (see  Figure  348). 

Wingwall  Dam 

As  with  the  sliding  calculations,  it  was  recognized  that  the 
tensile  stress  computations  were  not  directly  applicable 
due  to  the  fact  that  the  Wingwall  Dam  monoliths  were 
partially  embedded  within  embankment  fill.  The  pres- 
ence of  the  fill  and  soil-structure  interaction  effects  prob- 
ably affect  the  dynamic  stress  calculations  even  more  than 
for  the  sliding  calculations.  However,  tensile  stress  calcu- 
lations were  also  performed  on  this  structure  in  an  effort 
to  gain  some  insight  on  the  potential  for  the  development 
of  tensile  cracking  within  the  concrete.  It  was  thought  that 
as  long  as  the  predicted  tensile  stresses  were  very  signifi- 
cantly below  the  tensile  strength  of  the  concrete,  analyti- 
cal uncertainties  would  not  be  important. 

Because  the  three  Wingwall  Dam  monoliths  (A  through 
C)  have  very  similar  cross  sections,  only  one  geometry  was 
used  in  the  tensile  stress  analyses  (see  Figure  349).  The 
relatively  small  portion  of  monolith  A,  which  increases  in 
height  near  the  headworks  structure,  was  considered  to 
have  a  minimal  effect  on  the  total  response  of  the  mono- 
lith. 
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Figure  349.   Wingwall  Dam— Modeled  Cross  Section  used 
in  Simplified  Dynamic  Tensile  Stress  Analyses 

£:omputed  Tensile  Stresses 

Table  57  summarizes  the  results  from  the  dynamic  tensile 
stress  analyses.  The  results  are  presented  in  the  form  of 
combined  static  and  peak  dynamic  stresses  found  within 
the  monolith  analyzed.  Figures  350  and  351  present  typi- 
cal distributions  of  combined  stresses  for  the  two  dams. 


In  general,  computer  programs  GRAVDAM  and  SMPL 
gave  comparable  stress  results  for  analyses  of  the  Ap- 
proach Channel  Dam.  The  peak  tensile  stresses  were 
generally  found  near  the  base  of  the  monoliths  for  this 
dam.  The  maximum  tensile  stress  computed  in  this  struc- 
ture was  394  psi. 

In  the  analyses  of  the  Wingwall  Dam,  program  GRAV- 
DAM gave  significantly  higher  tensile  stresses  than  pro- 
gram SMPL.  The  reason  for  this  was  not  determined,  al- 
though it  may  be  related  to  the  fact  that  there  is  a  signifi- 
cantly greater  mass  in  the  upper  portion  of  this  dam  than 
in  the  Approach  Channel  Dam.  This  feature  is  reflected 
by  the  fact  that  the  location  of  highest  tensile  stress  in  the 
Wingwall  Dam  is  located  at  the  downstream  change  in 
slope  instead  of  at  the  base  the  dam  as  at  the  Approach 
Channel  Dam  (see  Figures  350  and  351).  The  maximum 
tensile  stress  computed  for  the  Wingwall  Dam  is  356  psi. 

Dynamic  tensile  stresses  are  generally  considered  accept- 
able if  the  combined  static  and  dynamic  peak  stresses  are 
less  than  15  percent  of  the  unconfined  compressive 
strength  of  the  concrete  (Reference  80).  For  the  3-sack 
shell  and  2  1/2-sack  mass  concrete  within  the  Thermalito 
Forebay  concrete  dams,  15  percent  of  the  unconfined 
compressible  strength  would  be  approximately  675  and 
570  psi,  respectively.  The  results  of  the  various  solution 


Table  57 

Summary  of  Maximum  Tensile  Stresses 

Dam 

Monolith 

Height 

(feet) 

Concrete  Ec 
(10«psi) 

Foundation  Ef 
(10»  psi) 

Peak  Tensile  Stresses  (psi) 
GRAVDAM                           SMPL 

U/S       D/S                      U/S    D/S 

20 

279 

243 

(T- 

=  0.074) 

- 

- 

Approach  Channel 

A-1  Extended 

82 

S 

304 

274 

(T  = 

=  0.085) 

- 

- 

360 

333 

(T  = 

=  0.123) 

394* 

386  (T  =  0.115) 

20 

84 

80 

(T  =  0.46) 

Approach  Channel 

A-1  Abrupt 

53.5 

5 

94 

97 

(T  = 

=  0.53) 

- 

- 

149 

147 

(T  = 

=  0.076) 

133 

140 

(T  =  0.072) 

20 

58 

60 

(T  =  0.036) 

- 

- 

Approach  Channel 

A-3 

44 

5 

59 

63 

(T  = 

=  0.042) 

- 

- 

96 

101 

(T  = 

=  0.061) 

71 

71 

(T  =  0.056) 

A,B,C 


190  167  (T  =  0.44)  90  85  (T  =  0.042) 
228  204  (T  =  0.050)  94  89  (T  =  0.048) 
356*  329  (T  =  0.072)     137  132  (T  =  0.056) 
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Figure  350.   Typical  Distributions  of  Combined  Static  plus  Maximum  Dynamic  Stresses 
Calculated  for  the  Approach  Channel  Dam  Monoliths 
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Figure  351.   Typical  Distributions  of  Combined  Static  plus  Maximum  Dynamic  Stresses 
Calculated  for  the  Wingyvall  Dam  Monoliths 


methods,  input  properties,  and  geometries  yielded  a 
maximum  tensile  stress  of  394  psi  (combined  static  plus 
peak  dynamic).  This  value  is  in  good  accord  with  the  peak 
tensile  stresses  estimated  for  the  concrete  gravity  mono- 
liths within  Thermalito  Diversion  Dam  (see  Bulletin 
203-78)  and  for  the  concrete  headworks  structure  (see 
Chapter  II  of  this  bulletin).  Since  this  tensile  stress  repre- 
sents only  9  to  11  percent  of  the  unconfined  compressive 
strength,  the  monoliths  would  not  be  expected  to  develop 
significant  cracking  during  the  postulated  earthquake 
shaking. 

Performance  of  Concrete  Dams 
During  Earthquake  Shaking 

There  are  not  many  histories  of  performance  available  for 
concrete  dams  that  have  sustained  strong  earthquake 
damage.  However,  three  dams  have  experienced  very 
strong  shaking  but  remained  stable: 

1.  Lower  Crystal  Springs  Dam.  This  dam  is  a  gravity 
arch  dam  approximately  140  feet  high.  It  was  located 
approximately  1000  feet  away  from  the  rupture  of  the 
San  Andreas  Fault  during  the  1906  San  Francisco 
Earthquake  (M  >  8).  Despite  what  must  have  been 
very  strong  earthquake  loading,  this  dam  survived  un- 
damaged (Reference  33). 

2.  Koyna  Dam.  This  dam  is  concrete  gravity  structure 
with  a  maximum  height  of  approximately  340  feet  and 
is  located  in  central  India.  In  1967,  it  experienced 
strong  shaking  from  a  magnitude  6.5  earthquake. 
This  earthquake  was  estimated  to  have  produced  a 
transverse  peak  acceleration  of  0.5g  in  the  rock  sur- 
face. In  non  overflow  monoliths,  where  tensile 
stresses  were  estimated  to  have  been  as  high  as  1400 
psi  (about  equal  to  40  percent  of  the  unconfined  com- 
pressive strength  of  the  concrete),  significant  tension 
cracks  were  produced  on  the  faces  of  the  monoliths; 
but  the  monoliths  remained  stable.  In  the  overflow 
monoliths  where  stresses  were  estimated  to  have 
been  as  high  as  440  psi  (about  equal  to  13  percent  of 
the  unconfined  compressive  strength,  no  significant 
cracking  or  damage  was  found  (Reference  35). 

3.  Pacoima  Dam.  This  dam  is  a  concrete  arch  dam  ap- 
proximately 365  feet  high.  It  is  located  in  southern 
California  near  the  epicenter  of  the  1971  San  Fer- 


nando Earthquake  (M  =  6.6).  During  this  earth- 
quake, peak  horizontal  accelerations  of  1.2g  were 
measured  on  the  rock  abutments.  Although  analyses 
carried  out  at  the  University  of  California,  Berkeley 
indicated  that  tensile  stresses  were  in  excess  of  750 
psi,  no  evidence  of  cracking  was  found  (see  Chapter  II 
of  this  bulletin). 

The  peak  tensile  stress  estimated  for  the  small  Ther- 
malito concrete  dams  is  approximately  half  of  the  esti- 
mated stresses  corresponding  to  the  no-damage  cases 
listed  above.  This  comparison  further  supports  the  pre- 
diction of  no  significant  tension  cracking  within  the  con- 
crete monoliths. 

Predicted  Deformations 

The  results  of  the  psuedodynamic  sliding  and  tension 
stress  analyses  indicate  that  the  monoliths  within  both  the 
Approach  Channel  and  Wingwall  dams  will  be  ade- 
quately stable  during  the  postulated  earthquake  shaking. 
As  the  monolith  joints  are  not  grouted,  they  will  tend  to 
respond  independently.  Consequently,  there  may  be 
some  relative  deformations  between  monoliths.  How- 
ever, since  the  dams  are  composed  of  concrete  and 
founded  on  relatively  fresh  basalt,  permanent  deforma- 
tions are  expected  to  be  less  than  a  few  millimeters.  Con- 
sequently, differential  deformations  are  also  expected  to 
be  minor  with  the  polyvinyl  chloride  waterstops  and  the 
asphalt  seal  being  expected  to  adequately  accept  this  level 
of  deformation.  Even  if  the  waterstops  and  asphalt  seal 
fail,  no  short-term  adverse  effects  are  expected  as  the 
concrete  and  rock  formations  are  composed  of  non- 
erodible  materials.  This  would  be  in  line  with  the  good 
performance  summarized  above  for  other  concrete  dams. 

The  condition  not  accounted  for  in  the  above  case  histo- 
ries or  evaluations  is  the  transverse  geometric  relation- 
ship of  the  Approach  Channel  Dam  relative  to  the  Ther- 
malito Headworks  structure.  As  shown  in  Figure  210, 
page  273,  monolith  A-1  of  the  Approach  Channel  Dam 
overlaps  the  headworks  structure  at  a  right  angle  by  ap- 
proximately 20  to  26  feet.  This  arrangement  is  not  typical 
of  concrete  dams  and  there  is  the  possibility  of  some 
"pounding"  damage  caused  by  the  two  structures  vibrat- 
ing out  of  phase.  This  possibility  is  not  easily  evaluated 
and  is  probably  beyond  quantitative  analysis  at  the  pre- 
sent time.  The  judgmental  evaluation  of  this  potential  be- 


havior  is  that  it  probably  would  not  lead  to  a  failure  of  the  4.     A  limited  amount  of  cracking  and  spalling  of  concrete 
dam.  This  judgment  is  based  on  the  following:  in  this  overlap  would  not  lead  to  failure  of  the  struc- 

ture (see  report  on  Koyna  Dam  in  Reference  35). 

1.  The  expected  level  of  relative  dynamic  deformations 
between  the  two  very  stiff  structures  will  be  relatively 

small  Oess  than  about  1/4  inch).  Prediction  of  Performance 

2.  There  is  probably  a  partial  gap  existing  within  the 

joint  between  the  two  structures  due  to  the  contrac-  ^h^  simplified  evaluations  and  case-histories  outlined 

tion  of  the  concrete  during  setting.  This  gap  would  above  indicate  that  the  concrete  dams  will  perform  ade- 

absorb  some  of  the  "pounding"  displacement.  q^^tely  during  the  postulated  earthquake  shaking.  Only 

minor  cracking  and/or  spalling  of  the  concrete  is  ex- 

3.  There  is  a  relatively  small  number  of  significant  load-  pected.  Permanent  deformations  are  expected  to  be  less 
ing  cycles  in  a  magnitude  6.5  event.  than  a  few  millimeters. 
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Table  58.  Components  of  the  Seismic  Stability  Analysis 

COMPONENT 

VALUES  CONSIDERED 

VALUE  SELECTED 

ASSESSMENT 

I.   EARTHQUAKE  LOADING 

a) 

Critical  Fault 

-  Prairie  Creek  Lineament 
Closest  Northward  Extension 

Prairie  Creek  Lineament 

-  Prairie  Creek  Lineament 

Closest  Northward  Extension 

CONSERVATIVE 

More  Distant  Northward  Extension 

-  Cleveland  Hill  Fault 

b) 

Maximum  Event 

-  Magnitude  5.7 

-  Magnitude  6 

Magnitude  6.5 

CONSERVATIVE 

-  Magnitude  6.5 

c) 

Peak  Acceleration 

-  Scale  Up  1975  Peak  from 
Magnitude  5.7  to  Magnitude  6.5 

-  Mean  Value  from  Published 
Correlations  for  Magnitude  6.5 

Mean  Value  from  Published 

Strike-slip  and  Thrust  Faults 

Correlations  for  Magnitude  6.5 

AVERAGE 

-  Mean  plus  1  Standard  Deviation 

Strike-slip  and  Thrust  Faults 

Value  from  Published  Correlations 

for  Magnitude  6.5  Strike-slip  and 

Thrust  Faults 

d) 

Accelerograms 

-  Modified  1975  Oroville  Record 

-  Oroville  Reanalysis  Earthquake 

Use  both  Oroville  Reanalysis 
Earthquake  (a   -0.60g)  and 

(a^^-0.60g) 

Modified  El  Centro  Recprd 

CONSERVATIVE 

-  Modified  El  Centro  Record 

<"max=°"8)  and  use  the  higher 

(a^^^-0.55g) 

of  the  two  sets  of  stresses 

II.   MODELLING  OF  LOW  BLOWCOUNT  FOUNDATION  LAYERS 

a) 

Definition  of 

-  Silty  Sands  Liquefiable  and 

Liquefiable  Soils 

Clayey  Sands  Nonliquefiable, 
-  Both  Silty  aiid  Clayey  Sands 
Liquefiable 

Both  Silty  and  Clayey  Sands 
Liquefiable 

CONSERVATIVE 

b) 

Characteristic 

-  Mean  Blowcount 

Blowcount 

-  35th  Percentile  Blowcount 

-  Lowest  Blowcount 

35th  Percentile  Blowcount 

CONSERVATIVE 

c) 

Thickness  of 

-  Average  Thickness 

Suspect  Soil  Layers 

-  Maximum  Thickness 

Maximum  Thickness 

CONSERVATIVE 
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Table  58.  Components  of  the  Seismic  Stability  Analysis  (Continued) 


COMPONENT 

VALUES  CONSIDERED 

VALUE  SELECTED 

ASSESSMENT 

III.   CYCLIC  STRENGTH 

a)   Determination 

-  Cyclic  Triaxial  Tests 

NO  DIFFERENCE 

of  Undisturbed  Samples 

Published  Correlations  Between 

FOR  LOW  DAM  MODEL 

-  Published  Correlations 

Liquefaction  and  Penetration 

Between  Liquefaction  and 

Test  Resistance 

UNCONSERVATIVE 

Penetration  Test  Resistance 

FOR  MAIN  DAM  MODEL 

IV.   METHOD  OF  LIQUEFACTION  ANALYSIS 

a)   General  Approach 

-  Seed-Lee-Idriss  Method 
(Horizontal  Plane) 

-  Casagrande/Castro 

Seed-Lee-Idriss  Method 

(Critical  Void  Ratio) 

(Horizontal  Plane) 

* 

-  Laps /Bennett 

(a^  and/or  a  J 

b)   Dynamic  Response 

-   Equivalent  Linear 

Analysis 

Total  Stress  Analysis 

Equivalent  Linear 

-  Hon-Linear  Effective 

Total  Stress  Analysis 

* 

Stress  Analysis 

V.   POST-EARTHQUAKE  SLOPE  STABILITY 

a)   Strength  of  Non- 

-  Mohr  Circle  Interpretation 

Liquefied  Clayey 

using  151  Strain  Failure  Criterion 

Embanl^ment  and 

-  801  of  r   vs.  a        Interpretation 

Surface  Cap 

using  15Z  Strain  Failure  Criterion 

80Z  of  r^^vs.    a^^   Interpretation                 | 

-  r   vs.  O        Interpretation 

using  15Z  Strain  Failure  Criteri 

on    CONSERVATIVE 

using  15Z  Strain  Failure  Criterion 

b)   Strength  of 

-  Drained  Strength  used  together 

Partially  Liquefied 

with  Calculated  Excess  Pore 

Foundation  Sands 

Pressures 

Drained  Strength  used  together 

-  Drained  Strength  used  with  no 

with  calculated  excess  pore 

Excess  Pore  Pressures 

pressures 

* 

-  Undrained  Strength 

c)   Residual  Strength 

-  Mean  Value  Suggested  by 

of  Liquefied 

Seed  (1987)  Correlation  with  SET 

Foundation  Sands 

-  Lower  Bound  Value  Suggested  by 

Seed  (1987)  Correlation  with  SPT 

Lower  Bound  Value  Suggested  by 

-  Values  Suggested  by  Steady-State 

Seed  (1987)  Correlation  with  SPT 

CONSERVATIVE 

Strength  Results  for  Slmiliar  Soils 

NET  STABILITY  FACTOR  OF  SAFETY  =  1_^     CONSERVATIVE 
*  Value  is  integral  part  of  procedure  (Seed-Lee-Idriss)  Calibrated  against  observed  behavior  of  Chabot,  Sheffield, 
Lower  San  Fernando,  and  Upper  San  Fernando  Dams. 
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11.  PREDICTION  OF  EMBANKMENT  PERFORMANCE 


General 

The  prediction  of  performance  for  a  dam  during  strong 
earthquake  shaking  involves  consideration  of  several  pos- 
sible modes  of  failure.  The  major  portion  of  this  chapter 
has  been  devoted  to  investigating  the  possibility  of  em- 
bankment instability  due  to  foundation  liquefaction.  Sec- 
tion 10  also  addressed  potential  stability  and  cracking  be- 
havior in  the  concrete  wingwall  dams.  However,  the  pos- 
sibility for  excessive  earthquake  induced  embankment 
settlement  and/or  cracking  also  needs  to  be  addressed. 

Summary  of  Predicted  Embankment  Stability 

Table  58  summarizes  the  many  steps  of  the  seismic  stabil- 
ity analysis  where  choices  were  made  from  a  range  of  al- 
ternatives. In  only  two  of  the  thirteen  steps  were  average 
values  chosen  from  the  range  of  alternatives.  The  re- 
maining eleven  steps  used  either  conservative  choices  or 
values  that  were  integral  parts  of  the  Seed-Lee-Idriss 
procedure.  Table  58  denotes  the  choice  of  SPT  cyclic 
strengths  over  laboratory  test  results  as  "unconservative" 
because  the  SPT  data  yielded  higher  strengths.  However, 
the  use  of  the  laboratory  test  alternatives  is  not  consid- 
ered acceptable  because  of  sample  disturbance  effects  on 
dense  soils.  Consequently,  the  final  result  of  the  analy- 
sis—a minimum  1.6  factor  of  safety  against  sliding— is 
considered  acceptable  and  conservative. 

Predicted  Level  of  Permanent  Earthquake- 
Induced  Deformations 

The  results  of  the  post-earthquake  slope  stability  analy- 
ses showed  that  the  embankment  would  remain  stable  de- 
spite the  development  of  extensive  zones  of  liquefaction 
within  the  foundation.  Consequently,  large  deformations 
are  not  predicted.  In  addition,  the  presence  of  a  dense, 
clayey  surface  cap  of  soil  within  the  foundation  mitigates 
against  the  possibility  that  the  embankment  would  either 
sink  into  the  foundation  or  that  large  flows  of  liquified 
sand  would  flow  out  from  under  the  dam. 

The  level  of  permanent  earthquake-induced  deforma- 
tions that  might  be  produced  at  Thermalito  Forebay 
Earthquake  can  be  estimated  by  examining  the  perform- 
ance of  Upper  San  Fernando  Dam  during  the  1971  San 


Fernando  Earthquake  (M/,=6.6).  The  Upper  San  Fer- 
nando Dam  is  a  hydraulic  fill  embankment  that  was 
shaken  severely  by  the  1971  earthquake.  The  earthquake 
was  estimated  to  produce  peak  ground  accelerations  of 
about  0.6g  at  the  dam  site  and  to  have  induced  extensive 
zones  of  liquefaction  within  the  hydraulic  fill.  Despite  the 
development  of  the  liquefied  zones,  the  dam  suffered  de- 
formations averaging  to  about  6  feet  of  horizontal  move- 
ment and  about  2.5  feet  of  settlement  (see  Seed  et  al., 
1973;  Addendum  F). 

The  most  critical  site  along  Thermalito  Forebay  Dam  is 
the  Station  112  area  of  the  Low  Dam.  Both  the  Station 
112  suspect  sands  and  the  Upper  San  Fernando  Dam  hy- 
draulic fill  were  analyzed  and  found  to  have  similar  zones 
of  liquefaction.  Presented  below  is  a  comparison  of  the 
materials  and  zoning  at  the  two  sites: 

Thermalito  Forebay     Upper  San  Fernando 
PamStjiHon  112  Dam 


Embankment  Height  (ft)  30 

Thickness  of  Liquefiable  18 

Zone  (ft) 
Liquenable  Soil  Silty  and  Clayey  Sand 

(A^i)60.=  16.5 
Earthquake  M  =  6.5 

«max  =  0.6g 


70 
40 

Silty  Sand 
(Ni)(,o  =  9-13 

M  =  6.6 
flmax  =  0.6g 


Because  the  earthquake  loading  is  essentially  the  same, 
the  same  6-foot  horizontal  and  2.5-foot  vertical  deforma- 
tions would  be  predicted  for  the  Station  1 12  embankment 
if  this  site  had  the  same  liquefiable  soil  with  the  same 
thickness  as  at  Upper  San  Fernando  Dam.  However,  the 
thickness  of  the  liquefiable  soils  at  the  Station  112  site  is 
only  18  feet  compared  to  40  feet  at  Upper  San  Fernando 
Dam.  This  difference  alone  would  reduce  the  predicted 
deformations  to  about  1  foot  vertical  and  2.5  feet  horizon- 
tal. In  addition,  the  corrected  SPT  blowcount  for  the  Sta- 
tion 112  liquefiable  soil  is  significantly  higher  than  the 
SPT  blowcount  determined  for  the  Upper  San  Fernando 
Dam  hydraulic  fill.  This  fact,  coupled  with  the  fact  that 
the  reservoir  loading  (depth)  and  embankment  height  at 
Thermalito  is  much  less,  leads  to  an  estimate  of  1  foot  or 
less  for  permanent  deformations  in  either  the  vertical  or 
horizontal  directions. 


t 


Predicted  Effects  Due  to  Differential  Settlement 
and  Embankment  Cracking 

Case  histories  have  shown  that  earthquakes  have  often 
induced  longitudinal  cracking  in  the  crest  of  embankment 
dams.  However,  these  cracks  are  generally  less  than 
1-inch  wide  and  extend  only  a  few  feet  below  the  surface. 
Earthquake-induced  transverse  cracking  is  relatively 
rare.  Transverse  cracks  did  not  appear  in  the  surfaces  of 
the  San  Fernando  Dams,  Hebgen  Dam,  La  Marquesa 
Dam  (Chile),  or  La  Palma  Dam  (Chile),  despite  severe 
ground  motions  and  earthquake-induced  settlements  ex- 
ceeding several  feet. 

Transverse  cracking  is  expected  only  when  there  are  sig- 
nificant abrupt  deformations  induced  in  the  embankment 
(e.g.  as  at  some  abutment  contacts).  Although  deforma- 
tions are  predicted  to  be  as  much  as  1  foot  at  Station  112, 
this  is  not  predicted  as  a  differential  movement.  Rather, 
as  the  soils  at  the  site  are  considered  transitional  over  sev- 
eral hundred  feet  (see  Figure  300,  page  402  ),  the  defor- 
mations are  not  expected  to  be  abrupt.  Consequently, 
Station  112  and  most  other  Thermalito  Forebay  sites,  in 
line  with  the  case  histories  quoted,  are  not  predicted  to 
develop  transverse  cracks. 

However,  the  possibility  of  transverse  cracking  requires 
examination  at  the  Main  Dam  for  the  following  reasons: 

1.  Faults  exist  in  the  foundations  directly  beneath  the 
right  end  of  the  dam. 

2.  Foundation  conditions  change  abruptly  from  rock 
under  the  right  end  of  the  Main  Dam  to  80  feet  of  al- 
luvium under  the  left  end  of  the  Main  Dam. 

3.  The  embankment  of  the  Main  Dam  abruptly  con- 
nects to  the  concrete  Wingwall  Dam  attached  to  the 
headworks  structure. 

Potential  Cracking  Due  to  Fault  Displacement 

Geologic  mapping  of  1964  construction  excavations  re- 
vealed three  fault  traces  in  the  bottom  of  the  cutoff 
trench  between  grouting  stations  5  +  50  and  6  +  50  (see 
Figures  352  and  353).  These  faults  offset  rock  assigned  to 
the  Tertiary  "Middle  Basalt  Flow"  unit  but  did  not  offset 
the  Plio-Pleistocene  "Basalt  Rubble"  fanglomerate  or 


the  Red  Bluff  floodplain  deposits  exposed  in  the  walls  of 
the  excavation.  These  three  faults  strike  northeast-south- 
west and  dip  80  degrees  to  the  southeast.  Drill  hole  data 
indicate  that  these  are  normal  faults  and  that  the  south- 
east block  has  dropped  40  to  60  feet  relative  to  the  north- 
west block. 

Southwest  of  the  trench  exposures  the  fault  traces  are 
concealed  for  a  distance  of  about  300  feet  by  the  Basalt 
Rubble  and  the  Red  Bluff  formations.  If  these  faults  are 
projected  to  the  southwest  beyond  the  concealed  area, 
they  roughly  coincide  with  the  trace  of  Fault  "B"  mapped 
in  the  power  plant  excavation  (see  Figure  352).  Fault  "B" 
is  also  a  normal  fault  with  an  80  degree  dip  to  the  south- 
east. Faults  "A"  and  "H-J"  in  the  power  plant  area  have 
similar  strikes  to  the  faults  in  the  cutoff  trench,  but  dip  70 
degrees  to  the  northwest. 

The  faults  beneath  the  Main  Dam  embankment  are  con- 
sidered inactive.  The  predominant  trend  of  these  faults 
cuts  across  to  the  trend  of  major  faults  in  the  Oroville  area 
suggesting  that  they  did  not  form  as  a  result  of  the  present 
tectonic  regime.  In  addition,  the  faulting  has  not  affected 
the  overlying  cenozoic  age  units  exposed  during  construc- 
tion. Alan  J.  Busacca,  a  recent  University  of  California 
graduate  student,  performed  analyses  of  Late  Cenozoic 
sediments  near  Oroville  and  tentatively  determined  the 
age  of  the  gravelly  sediments  at  the  Thermalito 
Powerplant  area  to  be  1.6  to  3.4  million  years  (personal 
communication,  1981).  This  age  is  based  on  the  degree  of 
soil  profile  development,  radiometric  age  dating  of  vol- 
canic ash  beds,  and  geomorphic  indicators.  These  old 
faults  are  considered  inactive  and  do  not  present  a  signifi- 
cant hazard  to  the  stability  of  the  embankment. 

Potential  Cracking  Due  to 
Foundation  Bedrock  Profile 

The  depth  of  Red  Bluff  sediments  overlying  basalt  rock  is 
about  80  feet  under  most  of  the  Main  Dam,  but  decreases 
to  zero  under  the  right  end.  Figures  352  and  353  show  in 
plan  and  sections  how  the  slope  of  the  rock  surface  was 
determined  under  the  dam  centerline  projected  from 
about  Station  7  +  00  to  the  Approach  Channel. 

There  is  only  a  70-foot-long  reach,  labeled  C  on  Figure 
354  (Section  A-A),  which  is  not  well  defined  by  close-by 
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borings  or  foundation  trench  exposures.  This  happens  to 
be  the  critical  reach  where  the  basalt  dips  under  the  allu- 
vium. This  dipping  rock  surface  is  well  defined  by  three 
borings  in  Section  B-B  located  300  feet  from  Section 
A-A  (see  Figures  211  and  212,  pages  274  &  275  ).  The 
dip  is  somewhat  flatter  than  1:1  at  B-B,  and  was  projected 
to  A-A  as  1:1. 

The  rock  foundation  on  the  right  side  of  the  Main  Dam  is 
identified  as  a  moderately-weathered  and  fractured  ba- 
salt (Tvm).  The  anticipated  earthquake  shaking  is  not  ex- 
pected to  cause  any  significant  settlement  within  this  ma- 
terial or  in  the  inactive  faults  or  shears  in  the  formation. 

The  Red  Bluff  formation  (Qrb  )  will  tend  to  settle  more 
due  to  earthquake  shaking.  But  since  no  layer  at  the  Main 
Dam  is  predicted  to  completely  liquefy,  the  maximum  an- 
ticipated settlement  should  be  much  less  than  one  foot. 

Providing  a  buffer  between  the  basalt  foundation  and  the 
Red  Bluff  formation  is  the  Basalt  Rubble  layer  (Tr  ).  This 


material  consists  of  loose  to  moderately  consolidated  ba- 
salt fragments  within  a  clay  matrix.  The  deformation 
properties  of  this  material,  although  unknown,  are  be- 
lieved to  be  intermediate  between  the  Red  Bluff  and  the 
rock  (Tvm  )•  Because  of  the  clay  matrix  and  the  absence  of 
sands,  the  settlements  due  to  the  earthquake  shaking  in 
the  Basalt  Rubble  will  probably  be  very  small. 

The  estimated  slope  of  the  contact  between  the  rock  and 
the  rubble  is  1:1,  or  flatter,  which  is  less  than  abutment 
slopes  of  many  embankment  dams.  The  contact  between 
the  Basalt  Rubble  and  the  Red  Bluff  Formation  (Qrb  )  is 
projected  to  be  between  10:1  and  3:1.  (see  Figure  354). 

Differential  settlement  and  cracking  along  the  Main  Dam 
due  to  changing  foundation  materials  is  not  believed  to  be 
significant.  This  is  because  the  contact  slopes  between 
differing  foundation  materials  is  flatter  than  that  ac- 
cepted for  abutment  slopes  of  embankment  dams  and  be- 
cause the  maximum  predicted  earthquake-induced  set- 
tlement would  be  less  than  a  foot. 


A 

PROFILE     SEGMENTS 
,       B 

C 

1 

7  +  00 

_PROJECTED    EMBANKMENT  SURFACE 
PP  8 


TOP    OF   BASALT    DEFINED  BY  SEGMENTS: 

A       EXPOSED    IN  FOUNDATION   EXCAVATION. 

B       PROJECTED   UP  TO  20'  FROM   FOUNDATION   EXCAVATION. 

C       PROJECTED   FROM   CORE   HOLES. 


HORIZONTAL    SCALE  IN  FEET 
Figure  354.  Detailed  Bedrock  Profile  for  Thermalito  Forebay  Main  Dam  along  Section  AA  (Figures  352  and  353) 
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Potential  Cracking  at  the  Wingwall/Embankment 
Contact 

As  described  in  Sections  2  and  10,  the  embankment  of  Th- 
ermalito  Forebay  Dam  meets  and  wraps  around  the  con- 
crete Wingwall  Dam  connected  to  the  powerplant  head- 
works  structure.  Due  to  the  different  stiffnesses  of  the 
concrete  and  earth  structures,  it  is  not  outside  the  realm 
of  possibility  that  a  small  transverse  crack  could  develop 
during  severe  earthquake  shaking  along  the  concrete/soil 
boundary.  Factors  suggesting  otherwise  include  the  fact 
that  this  boundary  does  not  differ  greatly  from  some  steep 
abutment  contacts  on  dams  that  did  not  develop  trans- 
verse cracks  during  strong  shaking  (e.g.  Coyote  and  Leroy 
Anderson  Dams).  In  addition,  the  wrapping  of  embank- 
ment material  around  the  concrete  dam  mitigates  against 
the  development  of  a  continuous  transverse  crack 
through  the  entire  embankment  contact.  There  is  only  a 


20-foot  transverse  length  between  concrete  and  soil  for 
the  upper  half  of  the  dam.  However,  at  maximum  reser- 
voir elevation,  a  transverse  crack  would  have  to  pass 
through  a  total  lengths  of  56  feet  of  soil  (see  Figure  214, 
page  279). 

Notwithstanding  the  above  reasoning,  it  is  judged  that 
even  if  a  small  transverse  crack  formed,  it  would  not  lead 
to  the  failure  of  the  dam.  The  reasoning  for  this  conclu- 
sion is  as  follows: 

1.  The  Zone  IF  embankment  material  is  a  gravelly, 
clayey  sand  with  approximately  45  percent  fines.  The 
Atterberg  limits  test  results  plot  above  the  "A"  line 
with  an  average  PI  of  about  16  percent.  Such  a  soil  is 
considered  to  have  relatively  high  erosion  resistance. 


2.     Based  on  past  performances  of  earth  dams  during 
earthquakes,    any   earthquake-induced   transverse 
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Figure  355.   Comparison  of  Gradations  for  Thermalito  Forebay  Main  Dam  Embankment  Soils 


crack  at  this  site  would  be  expected  to  be  less  than 
1-inch  wide.  Upstream  of  the  Zone  IF  soil  are  layers 
of  Zone  3  and  Zone  4F  cohesionless  soil  (minimum 
horizontal  thickness  equals  12  feet  for  each  zone,  see 
Figure  214).  These  soils  would  possibly  act  as  crack 
fillers  by  being  washed  into  the  small  crack,  leading  to 
the  larger  sizes  becoming  wedged  in,  with  succes- 
sively smaller  sizes  becoming  trapped  until  the  crack 
seals.  More  importantly,  these  upstream  zones  would 
induce  significant  head  losses  in  any  significant  flow 
passing  through  a  transverse  crack,  thus  reducing  ve- 
locities through  an  open  crack. 


Most  significantly,  downstream  of  and  wrapped 
around  the  Zone  IF  soil  are  layers  of  Zone  3  and 
Zone  4F  soil  (minimum  horizontal  thickness  equals 
12  feet  for  each  zone).  Although  the  extreme  specifi- 
cation limits  for  the  Zone  IF  and  Zone  3  soils  do  not 
meet  accepted  filter  criteria,  the  84th  percentile 
value  (mean  plus  1  standard  deviation)  of  the  filter 
zones  do  meet  accepted  criteria  for  filtering  the  16th 
percentile  value  (mean  minus  1  standard  deviation) 
of  the  base  zones.  The  gradation  parameters  relating 
to  the  filter  criteria  are  presented  in  Table  59  and 
Figure  355. 


Table  59.  Summary  of  Filter  Parameters  for  Main  Dam  Embankment  Soils 


Gradation  Parameters 


Zone  IF 


Zone  3 


No.  of  Gradation  Samples 
Mean  -  Ict  (16th  Percentile)  Dgs  (mm) 
Mean  (50th  Percentile)  Dgs  (mm) 
Mean  (50th  Percentile)  Dis  (mm) 
Mean  +  Ict  (84th  Percentile)  £>  15  (mm) 


215 

67 

47 

1.7 

55 

5.5 

75 

4 

23 

6 

38 

(Dis)  Filter 


Piping  Criteria:  (Dgs)  Base 

[(Dis)    Zone3]  84th  Percentile 
[Dss)  ZonelF]  16th  Percentile 

[(D15)  Zone  4F]  84th  Percentile 
[(Dss)    ZoneZ]  16th  Percentile 
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In  light  of  the  above  considerations,  differential  settle- 
ment and/or  embankment  cracking  are  not  considered  to 
pose  significant  hazards. 

Summary  of  Predicted  Embankment 
Performance  For  Magnitude  6.5  Earthquake 

Embankment  Stability 

Based  on  historical  performance  of  clayey  embankments, 
Thermalito  Forebay  Dam  would  perform  well  for  any 
magnitude  earthquake  if  there  were  no  foundation  weak- 
nesses. At  several  short  reaches  along  the  dam,  seismic 


analyses  predict  "liquefaction"  in  zones  within  suspect 
foundation  silty  sands  and  clayey  sands.  Post-earth- 
quake, slope  stability  analyses  for  these  conditions  show  a 
minimum  safety  factor  of  1.6.  Therefore,  the  dam  is  con- 
sidered safe  against  post  earthquake  slide  failures  result- 
ing from  induced  pore  pressure  increases.  Historical  evi- 
dence is  generally  consistent  with  this  finding. 

Embankment  Deformation 

Maximum  movements  are  expected  to  be  less  than  1  foot 
in  any  direction. 


Embankment  Cracking  continuous  transverse  crack  in  the  Main  Dam  embank- 

^     .        .,,      LI, J-  ,_r  j.i.  ment,  the  presence  of  upstream  and  downstream  filter 

The  mactive  faults,  the  1:1  dippmg  rock  surface  under  the  ^  ^ 

J     r  .,.     J  J  .t.         1.     1         ./  •  zones  are  considered  capable  of  preventing  failure  of  the 
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^  ,    ,,  ,  ,  dam.  Only  minor  surface  cracking  is  predicted  for  the  pos- 
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ADDENDUM  A.  GLOSSARY 


accelerogram 
accelerometer 
alluvium 
bemonite 

berm 


a  record  from  an  accelerometer  showing  acceleration  with  time 

an  instrument  for  measuring  accelerations  during  earthquakes  or  other  dynamic  events 

soils  deposited  by  running  water 

a  highly  plastic  clay  resulting  from  the  decomposition  of  volcanic  ash.  It  is  used  commer- 
cially as  a  drilling  fluid  additive 

a  strip  of  ground  placed  along  a  dam  for  added  stability 


^^</?¥/>^ 


blowcount 
borrow  area 
cathead 
cyclic  triaxial  test 

dredge  tailings 

dynamic  analysis 

fluvial 

geophone 

lens 

lenticular 

liquefaction 

N— value 
nodal  force 


overburden 
penetrometer 


see  Standard  Penetration  Test 

location  away  from  the  work  site  where  earth  construction  materials  are  obtained 

a  rotating  device  on  the  back  of  a  drill  rig  used  for  hoisting  and  lowering  drilling  equipment 

a  laboratory  test  performed  by  applying  a  pulsating  load  to  a  sample  to  estimate  the  soil's 
strength  during  an  earthquake 

refuse  material,  separated  as  residue,  acquired  during  mining  operations 

analysis  performed  to  determine  the  behavior  of  a  structure  during  an  earthquake 

produced  by  a  river  action 

device  used  to  record  shock  waves 

thin  layer  of  soil  or  rock 

masses  of  soil  or  rock  existing  in  one  or  more  thin  layers  or  lenses 

denotes  a  condition  where  a  soil  will  undergo  strength  loss  due  to  the  development  of  high 
pore  water  pressures 

see  Standard  Penetration  Test 

force  acting  at  a  node  that  is  part  of  a  finite  element  model 


-NODE 


material  overlying  a  deposit  or  structure 

an  instrument  for  determining  a  soil's  material  properties  by  measuring  the  soil's  resistance 
to  penetration 


permeability 
phreatic  surface 
piezometer 
piston  sampler 
pitcher  barrel 
pluviation 

pore  pressure 
refraction 

riprap 
scarify 
SH  waves 
shear  strength 
shear  wave 

Shelby  tube 

slurry 

split— spoon 

Standard  Penetration 
Test  (SPT)* 


GLOSSARY  (continued) 

—  relative  value  used  to  estimate  the  rate  at  which  water  flows  through  a  soil 

—  uppermost  line  of  seepage  through  a  soil  mass  where  there  is  zero  water  pressure  in  the  soil 

—  instrument  for  measuring  water  pressures  in  a  soil 

—  device  for  collecting  relatively  undisturbed  soil  samples 

—  device  for  collecting  relatively  undisturbed  silt  and  clay  soil  samples 

—  when  applied  to  soil  testing,  pluviation  usually  denotes  pouring  soil  loosely  through  air  or 
water 


water  pressure  within  the  soil 

the  deflection  of  a  wave  from  a  straight  path  as  it  passes  from  one  medium  to  another  of  a 
different  velocity 

rock  placed  on  dam  slope  to  protect  against  erosion 

to  break  up  and  loosen  the  surface 

horizontal  shear  waves  generated  during  shear  wave  velocity  testing 

the  property  of  a  material  which  keeps  it  from  dislocating  and  deforming 

test  for  determining  the  material  properties  velocity  test  of  soil  or  rock  by  measuring  the 
speed  at  which  shear  waves  propagate  through  the  ground 

cold  drawn  steel  tube  used  to  sample  soils 

a  watery  mixture  of  an  insoluble  matter  such  as  mud,  lime,  or  plaster  of  paris 

thick  walled  steel  tube  split  lengthwise  and  sampler  used  in  soil  sampling  operations 

a  test  where  a  2.0-inch  O.D.  soil  sample  is  driven  into  a  soil  mass  by  raising  a  140— 
lb  hammer  30  inches  and  allowing  it  to  drop  onto  an  anvil  connected  to  the  drill  rods  con- 
nected to  the  sampler.  The  number  of  blows  required  to  drive  the  sampler  the  last  12  inches 
of  an  18-inch  drive  is  called  the  SPT  blowcount  or  N  value.  The  test  is  used  to  determine 
soil  properties. 

*  Since  several  different  expressions  for  SPT  blowcounts  are  required  in  this  report,  the  following  notation  will 
be  used. 

N         =   Uncorrected  Thermalito  SPT  blowcount  measured  in  the  field 

A^i        =   Thermalito  SPT  blowcount  corrected  to  1  tsf  overburden  pressure,    =  C^  x  N  (see  Figure  237.) 

A^Ai     =   Thermalito  SPT  blowcount  corrected  for  both  overburden  pressure  and  procedural  differences, 

Na\  =  Ni  x  1.5  (see  Table  46).  This  is  the  blowcount  applicable  for  use  with  the  Seed  and  Idriss  (1982) 
correlation. 
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GLOSSARY  (continued) 

(A^i)6o  =   Thermalito  SPT  blowcount  corrected  for  both  overburden  pressure  and  procedural  differences, 

(^Oeo  =  A^i  X  1.3  (see  Table  46).  This  is  the  blowcount  applicable  for  use  with  the  Seed 
(1987)  correlation. 

surficial  —     occurring  on  the  earth's  surface 

toe  —     location  where  the  edge  of  a  slope  meets  existing  ground 

vibroflotation  —     a  process  for  densifying  loose  granular  materials  with  a  vibratory  probe.  During  this  process 

existing  material  is  densif  ied  and  new  material  is  added  to  occupy  the  empty  space  produced 
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ADDENDUM  B.  EXPLORATIONS  FOR  THERMALITO  FOREBAY 
SEISMIC  EVALUATIONS 


Thermalito  Forebay  Seismic  Evaluations 
Borings  from  the  1976, 1978,  1979-80,  1981-82  ,  and  1984  Investigations 

Exploration 

Station 

Offset 

Drilled  By 

Date  Drilled 

81F-7  SPT 

7+00 

25'  from  toe 

Continental 

4/13-14/82 

81F-8  SPT 

7+85 

15'  from  toe 

Continental 

8/19-24/81 

81F-9  SPT  A 

8+57 

20'  from  toe 

Continental 

10/12-14/81 

80-E 

8+92 

250'  from  toe 

Cal trans 

7/18-22/80 

81F-9  SPT 

9+00 

15'  from  toe 

Continental 

8/14-18/81 

TFS-1 

9+00 

5'  downstream  of 
C^-crest 

Cal trans 

8/30-9/1/78 

81F-C9  SPT 

9+18 

4'  upstream  of 
C^-crest 

Continental 

9/17-24/81 

TFS-2 

9+55 

90'  from  toe 

Cal trans 

8/5/78 

80-A 

9+70 

275'  from  toe 

Caltrans 

7/15/80 

80- C 

9+92 

160'  from  toe 

Caltrans 

7/16-17/80 

81F-10  SPT  B 

10+09 

35'  from  toe 

Continental 

1/29-2/1/82 

81F-10  PS  C 

10+10 

29'  from  toe 

Continental 

2/10/82 

81F-10  PS 

10+15 

35'  from  toe 

Continental 

2/5/82     i 

81F-10  PS  A 

10+16 

29'  from  toe 

Continental 

2/8/82 

81F-10  PS  B 

10+17 

22'  from  toe 

Continental 

2/9/82 

81F-C10  SPT 

10+18 

4'  upstream  of 
C^-crest 

Continental  . 

8/25-9/2/81 

8 IF- 10  SPT 

10+18 

16'  from  toe 

Continental 

8/10-13/81 

81F-10  SPT  A 

10+21 

35'  from  toe 

Continental 

1/28-29/82 

81F-10  PS  D 

10+22 

29'  from  toe 

Continental 

2/11/82 

79-10 

10+24 

12'  from  toe 

Caltrans 

2/28/80 

81F-10  SPT  C 

10+33 

35'  from  toe 

Continental 

2/2/82 

8'4F-10 

10+45 

15'  from  toe 

Hogate 

6/27/84 

84F-C11 

10+50 

13.5'  S/0  C^-crest 

Hogate 

6/18-20/84 

84F-C11A 

10+50 

On  C^-crest 

Hogate 

6/26/84 

81F-11  SPT  K 

10+55 

15'  from  toe 

Continental 

1/7-13/82 
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Thermalito  Forebay  Seismic  Evaluations  (Continued) 
Borings  from  the  1976,  1978,  1979—80,  1981-82  ,  and  1984  Investigations 


Exploration 


Offset 


Drilled  By 


Date  Drilled 


81F-11  SPT  J 
81F-11  SPT  L 
81F-11  SPT  E 
81F-11  SPT  B 
81F-11  SPT  A 
81F-11  PS  B 
81F-11  SPT  C 
81F-11  SPT  F 

,  81F-11  SPT 
81F-11  SPT  H 
80-D 
81F-11  PS  A 

.  81F-C11  SPT 

81F-11  SPT  G 
81F-11  SPT  M 

j  81F-11  SPT  D 

j  TFS-4A 

I  TFS-4B 

'  TFS-4 
TFS-4C 

.  TFS-4D 

i  80-B 

:  TFS-4E 
81F-12  SPT 
81F-C12  SPT 

81F-13  SPT  C 


10+70 
10+70 
10+84 
10+85 
10+94 
10+96 
10+97 
11+02 
11+05 
11+05 
11+05 
11+10 
11+18 

11+23 
11+28 
11+33 
11+53 
11+55 
11+55 
11+59 
11+59 
11+60 
11+63 
12+11 
12+18 

12+82 


15- 

from  toe 

25' 

from  toe 

26' 

from  toe 

15' 

from  toe 

32' 

from  toe 

35' 

from  toe 

18' 

from  toe 

24' 

from  toe 

20' 

from  toe 

48' 

from  toe 

200 

'  from  toe 

37' 

from  toe 

4' 
C 

upstream  of 
j^-crest 

25' 

from  toe 

38' 

from  toe 

25' 

from  toe 

52' 

from  toe 

51' 

from  toe 

55' 

from  toe 

58' 

from  toe 

51' 

from  toe 

570 

'  from  toe 

55' 

from  toe 

34' 

from  toe 

4' 
C 

upstream  of 
]^-crest 

28' 

from  toe 

Continental 

Continental 

Continental 

Continental 

Continental 

Continental 

Continental 

Continental 

Continental 

Continental 

Caltrans 

Continental 

Continental 

Continental 

Continental 

Continental 

Caltrans 

Caltrans 

Caltrans 

Caltrans 

Caltrans 

Caltrans 

Caltrans 

Continental 

Continental 

Continental 


12/31/81-1/7/82 

1/14-15/82 
11/18-19/81 
10/23-27/81 
10/12-14/81 
10/9/81 
10/28-29/81 
11/19-20/81 

8/3-7/81 
12/29-31/81 

7/17-18/80 
10/8/81 

9/2-10/81 

12/22-28/81 

1/18-20/82 
11/17-18/81 

9/13/78 

9/13-14/78 

9/12-13/78 

9/14/78 

9/15/78 

7/16/80 

9/18-19/78 

7/23-29/81 

9/11-17/81 

10/20-22/81 


Thermalito  Forebay  Seismic  Evaluations  (Continued) 
Borings  from  the  1976,  1978,  1979—80,  1981-82  ,  and  1984  Investigations 


Exploration 


Offset 


Drilled  By 


Date  Drilled 


81F-13  PS  C 

12+88 

81F-13  PS  A 

12+88 

81F-13  SPT  A 

12+90 

81F-13  PB 

12+93 

81F-13  PS  B 

12+93 

81F-13  PS  E 

12+99 

81F-13  PS 

13+03 

81F-13  PS  D 

13+06 

81F-13  SPT 

13+09 

81F-13  SPT  B 

13+19 

D-9 

42+50 

81F-55  SPT 

55+44 

81F-58  SPT 

57+94 

79-60  SPT 

60+44 

81F-63  SPT 

62+93 

81F-65  PB  A 

65+36 

81F-65  SPT 

65+42 

81F-65  PB 

65+48 

81F-67  SPT 

66+65 

81F-67  SPT  A 

67+28 

81F-68  PS 

67+79 

CIO 

67+79 

81F-68  PS  A 

67+85 

81F-68  SPT 

67+91 

81F-68  PS  B 

67+94 

81F-68  PS  C 

67+97 

C9 

68+03 

81F-68  SPT  A 

68+41 

51 

'  from  toe 

28 

from  toe 

47 

'  from  toe 

28 

'  from  toe 

36 

'  from  toe 

35 

from  toe 

28 

'  from  toe 

34 

'  from  toe 

28 

'  from  toe 

45 

from  toe 

3' 

from  toe 

6' 

from  toe 

6' 

from  toe 

6' 

from  toe 

6' 

from  toe 

6' 

from  toe 

6' 

from  toe 

6' 

from  toe 

6' 

from  toe 

6' 

from  toe 

9' 

from  toe 

6' 

from  toe 

6' 

from  toe 

6' 

from  toe 

11 

from  toe 

6' 

from  toe 

6- 

from  toe 

6' 

from  toe 

Continental 

Continental 

Continental 

Continental 

Continental 

Continental 

Continental 

Continental 

Continental 

Continental 

Caltrans 

Continental 

Continental 

Caltrans 

Continental 

Continental 

Continental* 

Continental 

Continental 

Continental 

Continental 

Ertec 

Continental 

Continental 

Continental 

Continental 

Ertec 

Continental 


12/14/81 

12/9/81 

10/7-8/81 

11/20-25/81 

12/11/81 

12/17/81 

12/1/81 

12/21/81 

7/30-8/3/8 
10/9-12/81 

4/1/76 

9/24-25/81 

9/28/81 
12/14-17/79 

9/29-30/8I 

2/82 

9/3O-IO/2/8I 

2/82 
11/25-30/81 

1/7/81 

2/3/82 

1/28/82 

2/4/82 
10/2-5/81 

2/4/82 

2/4/82 

1/28/82 

1/5-6/81 
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Thermalito  Forebay  Seismic  Evaluations  (Continued) 
Borings  from  the  1976,  1978,  1979—80,  1981-82  ,  and  1984  Investigations 


Exploration 

Station 

Offset 

Drilled  By 

Date  Drilled 

81F-69  SPT 

68+91 

6'  from  toe 

Continental 

11/30/81 

79-70  SPT 

70+40 

7.5'  from  toe 

Caltrans 

12/11-12/79 

D-10 

71+00 

3'  from  toe 

Caltrans 

4/1-2/76 

C8 

71+29 

6'  from  toe 

Ertec 

1/28/82 

81F-71  SPT 

71+35 

6'  from  toe 

Continental 

2/12/82 

81F-73  SPT 

72+80 

6'  from  toe 

Continental 

11/16-17/81 

81F-73  SPT  A 

73+25 

7'  from  toe 

Continental 

1/26-27/82 

81F-74  SPT  A 

73+55 

6'  from  toe 

Continental 

2/16/82 

C7 

73+58 

6'  from  toe 

Ertec 

1/28/82 

81F-74  PS 

73+64 

6'  from  toe 

Continental 

2/26/82 

81F-74  SPT 

73+70 

6'  from  toe 

Continental 

1/4-5/82 

81F-C74  SPT 

73+70 

2'  upstream  of 
C^-crest 

Continental 

4/19-20/82 

81F-74  PS-A 

73+76 

6'  from  toe 

Continental 

2/26/82 

C6 

73+82 

6'  from  toe 

Ertec 

1/28/82 

81F-75  SPT 

75+20 

6'  from  toe 

Contonental 

11/13-16/81 

81F-76  SPT  A 

75+80 

6'  from  toe 

Continental 

1/26/82 

81F-76  SPT 

76+40 

6'  from  toe 

Continental 

12/31/81 

81F-78  SPT 

77+60 

6'  from  toe 

Continental 

11/12-13/81 

81F-80  SPT 

80+00 

6'  from  toe 

Continental 

11/11-12/81 

TFS-3 

81+79 

25'  from  toe 

Caltrans 

9/8/78 

TFS-3A 

81+79 

10'  downstream  of 
C^-crest 

Caltrans 

9/19-20/78 

79-82  SPT 

82+38 

32'  from  toe 

Caltrans 

12/12-13/79 

81F-85  SPT 

84+57 

36'  from  toe 

Continental 

11/10/81 

81F-87  SPT 

86+74 

19'  from  toe 

Continental 

11/6/81 

81F-89  SPT 

88+92 

50'  from  toe 

Continental 

11/10-11/81 

81F-91  SPT 

91+09 

6'  from  toe 

Continental 

11/5/81 
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Thermalito  Forebay  Seismic  Evaluations  (Continued) 
Borings  from  the  1976, 1978, 1979—80, 1981-82  ,  and  1984  Investigations 


Exploration 


Offset 


Drilled  By 


79-93  SPT 

93+26 

8'  from  toe 

Caltrans 

12/10-11/79 

81F-96  SPT 

95+39 

8'  from  toe 

Continental 

11/4/81 

81F-98  SPT 

97+71 

7'  from  toe 

Continental 

11/3/81 

79-100  SPT 

100+02 

18'  from  toe 

Caltrans 

12/5/79 

81F-102  SPT 

102+31 

10'  from  toe 

Continental 

10/30/81 

81F-105  SPT 

10ii+6l 

31'  from  toe 

Continental 

10/28-29/81 

81F-107  SPT 

106+91 

29'  from  toe 

Continental 

10/29-30/81 

81F-C108  SPT 

108+06 

4'  upstream  of 
C^-crest 

Continental 

12/1-3/81 

81F-109  SPT 

109+20 

6'  from  toe 

Continental 

11/2/81 

81F-C110  SPT 

110+35 

2'  downstream  of 
C^-crest 

Continental 

12/3-7/81 

D-11 

110+88 

4'  from  toe 

Caltrans 

4/2/76 

81F-C111  SPT  A 

111+19 

On  CL-crest 

Continental 

2/16/82 

C-5 

111+38 

2'  upstream  of 
C[^-crest 

Ertec 

1/28/82 

81F-C111  SPT 

111+47 

2'  upstream  of 
C^-crest 

Continental 

2/5-8/82 

79-112  SPT 

111+50 

8'  from  toe 

Caltrans 

12/5-6/79 

CH 

111+50 

2'  upstream  of 
CL-crest 

Ertec 

1/28/82 

81F-C112  PS 

111+53 

On  C^-crest 

Continental 

2/23/82 

81F-C112  PS  A 

111+59 

On  C^-crest 

Continental 

2/19/82 

C3 

111+62 

2'  upstream  of 
C^-crest 

Ertec 

1/28/82 

81F-C112  SPT 

111+65 

2'  upstream  of 
C^-crestl 

Continental 

2/9-10/82 

84F-112  SPT 

112+00 

17'  from  toe 

Hogate 

6/22-25/84 

84F-C112  SPT 

112+00 

On  C^-crest 

Hogate 

6/20-21/84 
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Thermalito  Forebay  Seismic  Evaluations  (Continued) 
Borings  from  the  1976, 1978,  1979—80,  1981-82  ,  and  1984  Investigations 


Exploration 



Station 

Offset 

Drilled  By 

Date  Drilled 

81F-C112  SPT  A 

112+39 

2'  upstream 
CL-crest 

of 

Continental 

2/11-12/82 

C2 

112+44 

2'  upstream 
C^-crest 

of 

Ertec 

1/28/82 

84F-113  SPT 

112+50 

Cj^  access  road 

Hogate 

6/25-26/84 

81F-C113  SPT 

112+56 

2'  upstream 
C^-crest 

of 

Continental 

12/7-9/81 

81F-C113  PS 

112+62 

2'  upstream 
C^-crest 

of 

Continental 

2/17/82 

81F-C113  PS  A 

112+62 

5'  upstream 
Cj^-crest 

of 

Continental 

2/25/82 

CI 

112+68 

2'  upstream 
C^-crest 

of 

Ertec 

1/28/82 

81F-C113  SPT  A 

112+71 

2'  upstream 
C^-crest 

of 

Continental 

2/3-4/82 

81F-114  SPT 

113+62 

6'  from  toe 

Continental 

10/27-28/81 

D-12 

113+88 

5'  from  toe 

Caltrans 

4/6/76 

81F-C115  SPT 

114+68 

On  Ci_^  crest 

Continental 

12/23-28/81 

81F-116  SPT 

115+74 

6'  from  toe 

Continental 

10/26-27/81 

81F-C117  SPT 

116+68 

6 'downstream  of 
Cj^-crest 

Continental 

12/28-30/81 

81F-118  SPT 

117+86 

6'  from  toe 

Continental 

10/23-26/81 

79-120  SPT 

119+98 

5'  from  toe 

Caltrans 

12/6/79 

81F-C121  SPT  A 

120+61 

On  C^-crest 

Continental 

1/8/82 

81F-C121  SPT 

121+24 

2'  upstream 
C^^-crest 

of 

Continental 

12/9-10/81 

81F-122  SPT 

122+49 

8'  from  toe 

Continental 

10/23-26/81 

81F-C123  SPT 

123+12 

On  C^-crest 

Continental 

1/11-13/82 

81F-C124  SPT 

123+74 

4 '  upstream 
C^-crest 

of 

Continental 

12/11-15/81 

81F-125  SPT 

124+99 

10'  from  tO€ 

^ 

Continental 

10/22-23/81 
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Thermalito  Forebay  Seismic  Evaluations  (Continued) 
Borings  from  the  1976, 1978, 1979-80, 1981-82  ,  and  1984  Investigations 


Exploration 


Offset 


Drilled  By 


Date  Drilled 


81 F- 127  SPT 

127+50 

6'  from  toe 

Continental 

10/22-23/81 

79-130  SPT 

130+00 

12'  from  toe 

Caltrans 

12/7/79 

81F-132  SPT 

132+33 

6'  from  toe 

Continental 

10/21/81 

81F-C133  SPT 

133+50 

2'  upstream  of 
C^-crest 

Continental 

12/15-16/81 

81F-C13'4  SPT 

134+08 

On  C^-crest 

Continental 

1/13-14/82 

81F-135  SPT  A 

134+66 

6'  from  toe 

Continental 

10/16-19/81 

81F-C135  SPT 

135+24 

On  C^-crest 

Continental 

1/15-19/82 

81F-C136  SPT 

135+83 

2'  upstream  of 
CL-crest 

Continental 

12/16-17/81 

81F-137  SPT 

136+99 

8'  from  toe 

Continental 

10/19-20/81 

79-139  SPT 

139+32 

4'  from  toe 

Caltrans 

12/3-4/79 

81F-141  SPT 

141+50 

6'  from  toe 

Continental 

10/15-16/81 

81F-144  SPT 

143+65 

6'  from  toe 

Continental 

10/14-16/81 

81F-C144  SPT 

144+20 

On  C^-crest 

Continental 

11/19-21/81 

SIF-CI^S  SPT 

144+75 

2'  upstream  of 
C^-crest 

Continental 

12/18-21/81 

81F-146  SPT 

145+85 

5'  from  toe 

Continental  - 

10/20-22/81 

81F-C146  SPT 

146+02 

On  C^^-crest 

Continental 

1/22-25/82 

81F-C147  SPT 

146+98 

On  Cj^-crest 

Continental 

12/21-22/81 

D-13 

148+10 

4'  from  toe 

Caltrans 

4/6-7/76 

79-148  SPT 

148+10 

10'  from  toe 

Caltrans 

12/4-5/79 
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The  static  stresses  presented  in  this  addendum  are  values  generated  by  the  static  finite  element  program  TWIST. 
Stresses  are  presented  in  units  of  tons  per  square  foot  and  are  shown  for  the  two  models  analyzed  (Station  10-11,  and 
Station  112).  The  suspect  sand  layers  are  highlighted  on  each  figure. 

Figure  356.  Element  Numbers  for  Finite  Element  Mesh  of  Thermalito  Forebay  Main  Dam 

Figure  357.  Node  Numbers  for  Finite  Element  Mesh  of  Thermalito  Forebay  Main  Dam 

Figure  358.  Static  Vertical  Effective  Normal  Stresses,  Oy  (tsf)  for  Thermalito  Forebay  Main  Dam 

Figure  359.  Static  Horizontal  Effective  Normal  Stresses,  Ox  (tsf)  for  Thermalito  Forebay  Main  Dam 

Figure  360.  Static  Major  Effective  Principal  Stresses,  Ox '  (tsf)  for  Thermalito  Forebay  Main  Dam 

Figure  361.  Static  Minor  Effective  Principal  Stresses  ,03'  (tsf)  for  Thermalito  Forebay  Main  Dam 

Figure  362.  Static  Horizontal  Effective  Shear  Stresses,  txy  (tsf)  for  Thermalito  Forebay  Main  Dam 

Figure  363.  Static  Maximum  Effective  Shear  Stresses,  r^ax  (tsf)  for  Thermalito  Forebay  Main  Dam 

Figure  364.  Static  Principal  Stress  Orientation  for  Thermalito  Forebay  Main  Dam 

Figure  365.  Element  Numbers  for  Finite  Element  Mesh  of  Thermalito  Forebay  Low  Dam 

Figure  366.  Node  Numbers  for  Finite  Element  Mesh  of  Thermalito  Forebay  Low  Dam 

Figure  367.  Static  Vertical  Effective  Normal  Stresses,  o'y  (tsf)  for  Thermalito  Forebay  Low  Dam 

Figure  368.  Static  Horizontal  Effective  Normal  Stresses,  o'x  (tsf)  for  Thermalito  Forebay  Low  Dam 

Figure  369.  Static  Major  Effective  Principal  Stresses,  a'l  (tsf)  for  Thermalito  Forebay  Low  Dam 

Figure  370.  Static  Minor  Effective  Principal  Stresses,a'3  (tsf)  for  Thermalito  Forebay  Low  Dam 

Figure  371.  Static  Horizontal  Effective  Shear  Stresses,  Txy  (tsf)  for  Thermalito  Forebay  Low  Dam 

Figure  372.  Static  Maximum  Effective  Shear  Stresses,  Tmax  (tsf)  for  Thermalito  Forebay  Low  Dam 
Figure  373.  Static  Principal  Stress  Orientation  for  Thermalito  Forebay  Low  Dam 
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ADDENDUM  D.  CYCLIC  TRIAXIAL  TEST  SUMMARIES 
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Cyclic  triaxial  test  data  are  summarized  in  Tables  61  through  65  and  Figures  374  through  401  for  the  different  testing 
programs  from  1976  to  1984  at  Thermalito  Forebay  Dam.  An  index  to  these  tables  and  figures  is  given  below.  This 
information  supplements  the  material  in  Section  4  (Chapter  V). 

Tables 

60.  Cyclic  Triaxial  Test  Summary  for  1976  Undisturbed  Samples 

61.  Cyclic  Triaxial  Test  Summary  for  1978  Undisturbed  Samples 

62.  Cyclic  Triaxial  Test  Summary  for  1979-1980  Undisturbed  Samples 

63.  Cyclic  Triaxial  Test  Summary  for  1981-1982  Undisturbed  Samples 

64.  Cyclic  Triaxial  Test  Summary  for  1984  Undisturbed  Samples 

Figures 

374.  Typical  Triaxial  Test  Records  {Kc  =1.0) 

375.  Typical  Cyclic  Triaxial  Test  Records  {Kc  >  1 .0) 

376.  1976  SC/CM  Samples  (a'sc  =  1.0  ksc,  Kc  =  1.0) 

377.  1976  SC/SM  Samples  (a'sc  =  3.0  ksc,  A:c  =  1.0) 

378.  1978  SC/SM  Samples  from  Station  11  +  55  (o'^c  =  l.Oksc.  Kc=  l.O) 

379.  1978  SC/SM  Samples  from  Station  11  +  55  (a'ic  =  ^Oksc,Kc  =  1.0) 

380.  1980  SP,  SW,  SM,  SC  Hand  Carved  Samples  from  Tail  Channel  (a'jc  =  l.Oksc, Kc^  1.0) 

381.  1980  SP,  SW,  SM,  SC  Hand  Carved  Samples  from  Tail  Channel  (o'sc  =  l.Oksc,  Kc  =  1.5) 

382.  1980  SP,  SW,  SM,  SC  Hand  Carved  Samples  from  Tail  Channel  (a'jc  =  3.0ksc,  Kc=  1.0) 

383.  1981-82  SC/SM  Samples  from  Station  10  (o'^c  =  l.Oksc,  Kc  =  1.0,  Nai  =  25,  28) 

384.  1981-82  SC/SM  Samples  from  Station  10  (o'^c  =  l.Oksc,  Kc  =  1.5,  2.0,  Nai  =  25,  28) 

385.  1981-82  SC/SM  Samples  from  Station  10  (ct'jc  =  3.0ksc,  Kc  =  1.0,  A^^i  =  25,  28) 

386.  1981-82  SW/SM  Samples  from  Station  13  (o'^c  =  l.lSksc,  Kc=  1.0,  Nai  =  30,  33,  39) 

387.  1981-82  SW/SM  Samples  from  Station  13  (ct'sc  =  2.0ksc,  Kc  =  1.0,  Nai  =  30,  33,  39) 

388.  1981-82  SW/SM  Samples  from  Station  13  (o'^c  =  l.Oksc,  Kc  =  1.5,  2.0,  Nai  =  33) 

389.  1981-82  SW/SM  Samples  from  Station  13  (a'sc  =  3.0ksc,  Kc  =  1.5,  Nai  =  30,  33) 

390.  1981-82  SW/SM  Samples  from  Station  13  (o'sc  =  4.0ksc,  Kc  =  1.0,  A^^i  =  30,  33,  39) 
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Figures  (continued) 

391.  1981-82  SC/SM  Samples  from  Station  68  (a'sc  =  oMsc,  Kc  =  1.0,  Nax  =  17) 

392.  1981-82  SC/SM  Samples  from  Station  68  (a'^c  =  O.Sksc,  Kc  =  1.0,  Nm  =  19) 

393.  1981-82  SC/SM  Samples  from  Station  68  (a'jc  =  ^Msc,  Kc  =  1.0,  Na^  =  19) 

394.  1981-82  SC/SM  Samples  from  Station  74  ((/^c  =  0.6ksc,  Kc  =  1.0,  A^^i  =  20) 

395.  1984  SC/SM  Samples  from  Station  112  (o'^c  =  0.6  ksc,  A'c  =  1.0) 

396.  1984  SC/SM  Samples  from  Station  112  {a'^c  =  1.0  ksc,  Kc  =  1.0) 

397.  1981-82  SC/SM  Samples  from  Station  112  (a'jc  =  l.Oksc,  Kc  =  1.0,  Nai  =  17,  26  ) 

398.  1981-82  SC/SM  Samples  from  Station  112  (a'^c  =  2.0ksc,  Kc  =  1.25,  Nai  =  26) 
399  1984  SC/SM  Samples  from  Station  112  (o'ic  =  3.0ksc,  Kc=  1.0) 

400.  1981-82  SC/SM  Samples  from  Station  113  (a'jc    =  2.0ksc,  A-^  =  1.0,  Nai  =  20,  27) 

401.  1981-82  SC/SM  Samples  from  Station  113  (ct'jc  =  2.0  ksc,  Kc  =  2.0,  Nai  =  27) 
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Table  60.  Cyclic  Triaxial  Test  Summary  for  1976  Undisturbed  Samples 


Lab. 

No. 

Humbar  of 

Nvmibar  of 

Bore- 

Field 

Depth 

Sample 

CDD** 

°50   ^°° 

L.L. 

P.I.  uses    B     U^   .3^' 

^ 

"dp 

"ai 

Cycles  at 

Cycles  at 

.  Hole 

Samcle 

lfe?ti_ 

No. 

(pcf) 

-ill. 

(X)  c;a..  V.luy  (ksc}  (^fy) 

L-1   1«--1«-   76-123   95.1   .U 32 

.7  ^ 


SP-SM, 
8--9^    76-124   99.8   .60    6    —   —  SP-SC  .95    7.0   3.0   1.0  2.03 


L-2   12--13-   76-127   108.2   .54   29    —   —  SC.SM  .90    9.0   1.0   1.0   1.43 


8^-92 


1.-2    ^^. 


D-   76-131 

87.5 

17 

44 

— 

— 

SC.SM 

.95 

7.0 

14 

35 

49 

29 

sc 

.95 

8.0 

1.0 

13 

20 

^    76-133 

90,4 

.20 

35 

..36.. 

..12.. 

sc 

,95 

,...7.^ 

1.° 

;,0  0,75 

34 

49   . 

**  Consolidated  Dry  Density 
U.  -  Back  Pressure 
NP  -  Non-Plastic 


Table  61.  Cyclic  Triaxial  Test  Summary  for  1978  Undisturbed  Samples 


Bors- 

Field 
Sample 

Depth 
(feet) 

Lab. 

Sample 

No. 

CDD** 

°50 

No. 
200 
Sieve 

L.L. 

P.I. 

uses 

B 
Value 

"b 
(ksc) 

"sc" 

K^ 

% 

-Al 

Number  of 
Cycles  at 
5Z  Strain 

Number  of 
Cycles  at 
lOZ  Strain 

TFS-3A 

S-8 
S;8_ 

S-8 
S;8_ 

SzSl. 

S-3 

O- 

S-4 

S;*- 

S-4 
S-1 

54^-57^ 

8-648B 

95.0 

48 

21 

SC.SM 

90 

5.5 

3.0 

^0 

2.48 

.. 

54^-57^ 

8-648C 

23 

- 

-. 

.96 

5.0 

1.0 

1.0 

— 

„ 

TFS-3A 

54^-57^ 

8-648D 

91.3 

.47 

23 

-. 

.. 

SC.SM 

,92 

1.0 

1.0 

0.99 

33 

TFS-3A 

54--57- 

8-648E 

93.7 

.53 

20 

.. 

SC.SM 

.90 

0.5 

1.0 

0.53 

61 

25^-26^ 

94.6 

.50 

.. 

.. 

.82 

1.0 

-. 

„ 

TFS-4A 

8-657D 

88.4 

.. 

93 

3.0 

10 

1.50 

11 

TFS-4A 

,4-,.^ 

.18 

28 

.. 

.. 

1.0 

.. 

34 

37 

TFS-4A 

2«5-30fl 

8-658C 

92.9 

.31 

30 

.. 

.92 

1.0 

1.0 

0.48 

47 

28--30- 

91.6 

.25 

26 

„ 

.- 

1.0 

1,0 

0.73 

— 

9 

TFS-4A 

28^-30^ 

8-658E 

93.2 

.23 

30 

.- 

SC.SM 

,95 

4.0 

1.0 

1,0 

1.00 

4 

TFS-4C 

28^-29^ 

8-662C 

93.3 

.26 

25 

- 

.95 

4.0 

3.0 

1.0 

1.75 

— 

* 

**  Consolidated  Dry  Density 
U  -  Back  Pressure 
NP  -  Non-Plastic 
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Table  62.  Cyclic  Triaxial  Test  Summary  for  1979-1980  Undisturbed  Samples 

1980  Samples* 


Bore- 

Field 
SaniDle 

Depth 
(feet) 

Lab. 

Sample 

No. 

CDD** 
(pcf) 

ho 

(urn) 

No. 
200 
Sieve 

L.L. 
IX) 

P.I. 

uses    B 
Class  Value 

"b 
(ksc) 

(ksc) 

■^c 

(ksc) 

-Al 

Number  of 
Cycles  at 
5X  Strain 

Number  of 
Cycles  at 
101  Strain 

LOC.  2 

2^ 

80-310A 

86.0 

.36 

SW-SH, 
SW-SC  .95 

7.0 

1,5 

3 

3 

LOC.  2 

2^ 

85.8 

.35 

SP-SM. 

1.0 

0.64 

289 

LOC.  3 

2^ 

92.4 

,60 

12 

6.0 

1.0 

1,0 

0.49 

189 

LOC.  3 

2^ 

80-312C 

92.6 

.56 

SW-SM, 
SW-SC  .95 

6.0 

1.0 

1.0 

0,87 

5 

8 

LOC.  3 

2^ 

80-312D 

90.1 

,51 

SP-SM, 
SP-SC  .95 

6.0 

1.0 

1  5 

0.75 

100+ 

LOC.  3 

2^ 

.61 

SW-SM, 
SW-SC  - 

1.0 

1.5 

1.25 

Power 

went  off 

2^ 

.61 

SW-SM, 

7.0 

1.5 

0.97 

5 

6 

LOC.  3 

3^ 

80-313A 

9A.7 

.66 

SW-SM, 

5.0 

3.0 

1.0 

6 

LOC.  3 

3O 

80-313B 

99.4 

70 

SW   .95 

5.0 

3.0 

1.0 

1.20 

47 

49 

80151 

80-273 

86.5 

.50 

SP-SM, 
SP-SC  .95 

7.0 

1.0 

1.0 

0.75 

100+ 

80151 

90.6 

.55 

SP   .95 

5.5 

3.0 

1.0 

2.95 

2 

3 

80151 

80-275 

.52 

^ 

1.0 

1,0 

Membrane  Broke 

80151 

^ 

.. 

80-276 

88.8 

_52_ 

^ 

SP   .95 

5,5 

3,0 

1-0 

6 

8 

*  All  1980  samples  are  handearved  from  the  tall  channel  cut:  locations  2  &  3  --  carved  tubes;  location  80151  --  carved 
**  Consolidated  Dry  Density 
U  -  Back  Pressure 
NP  -  Non-Plastic 
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Table  63.  Cyclic  Triaxial  Test  Summary  for  1981-1982  Undisturbed  Samples 


Lab. 

No. 

Number  of 

NuDiber  of 

Bore- 

Field   Depth 

Sample 

CDD** 

DjQ   200  L.L. 

P.I. 

uses    B     Uj^ 

'ar' 

h  % 

"ai 

Cycles  at 

Cycles  at 

.  Hole 

No. 

W 

(M9> 

(k.e) 

51  Strain 

81F-10PSA 

PS-1   162-17.^ 
PS-2   19^-205 

82-675B 

95.8 

.31   28    4* 

26 

1.0 

35 

*0 

81F-10PS 

82-67/.C 

98.9 

•*«   18   .  33 

_i5_ 

SC    ,95    9,5 

1.0.. 

1,0   0,99 

28 

17 

21   , 

81F-10PS 

PS-2 
PS-1 
PS-2 
PS-1 

16-- 17- 

82-67*B 

93.9 

.33 

20 

32 

18 

1,0 

1.44 

3 

5 

81F-10PS 

82-624C 

89.6 

Ti 

?,5 

34 

17 

RC 

.95 

1.0 

0.83 

25 

54 

61 

81F-10PSB 

82-678C 

98.2 

.37 

19 

44 

28 

SC 

.94 

9  5 

1.0 

1.19 

28 

11 

Bent  Tin  15 

82-675C 

83.0 

.15 

31 

NP 

1,0 

8 

9 

81F-10PSC 

PS-1 

16^-17^ 

82-679C 

9*.  9 

.22 

?.a 

3B 

20 

RC 

.95 

;,o 

0.99 

25 

19 

24 

PS-1 

,6^-17^ 

82-624B 

96.8 

.37 

29 

49 

32 

SC 

1,0 

25 

15 

16 

81F-10PSB 

PS-1 

16-- 17- 

82-677C 

97.5 

31 

7.8 

49 

31 

SC 

.93 

1,0 

3.00 

25 

1.5 

Tube  Damaged  2 

81F-10PSA 

PS-2 

I9I-20I 

.20 

29 

33 

19 

SC 

.95 

^,0 

2,67 

28 

1 

1.5 

81F-10PSC 

PS-2 

19^-20- 

82-680C 

97.9 

.35 

24 

34 

19 

.94 

1,0 

5 

6.5 

81F-10PSC 

PS-2 

19^-20^ 

82-680B 

102.2 

_.3]^ 

.^5_ 

37 

_21_ 

SC 

.93 

3.0 

1.0 

2  30 

28   _ 

3A. 

Gravel  4.5   . 

81F-10PSC   PS-1  16--17-  82-679B  100.9   .33   30    42   25   SC   .95    9.5   3.0   1.0  2.30   25 


81F-10PSD   PS-2  19—20-  82-926C   96.2 


J^ 1-5  1.15 28_ 


1.5  Soft/wet  2.5 


PS-1  16—17-  82-925C 


16--17-  82-92SB   94.5   .29   30 


81F-10PSB   PS-2  19—20-  82-678B   94.3 


.^.5 LJ 2.0      1.00 28_ 


PS-3     25—26''     81-1534C     89. 
PS-4     28—28-     81-153SC   100. 


_9.5 L2 1.0     0.89 


_Li L.2 1,0     0.83 35_ 


PS-3     27—29=     81-1537C     94. 


81F-13PSA PS:^ 


31—31-     81-1538C   102.3      .46 
49^-51^ 


MA L2 1.0     0.60        26 


81-2508B      91.2 


1-75     ;i,0      1.01 


81F-13PSA        PS-2      49—51''      81-2508C      94. 
81F-13PS  PS- 


9.5   1.75  1.0  0.72 


ijZ-     81-2503C  85.1 


PS-2  49^^-50-  81-2504C  100.5   .64 


NP     SW-SM   .95 


81F-13PSA        PS-1      47—48-      81-2507C      97.2 
81F-13PS  PS-3     52—53-     81-2505C     95.4 


NP     SW-SM   .95 9^5 1.75     1.0     0.72 30_ 


81F-13PS  PS-3 


NP     SP-SM   .95 9,5 1.75     1.0      1.30 33_ 


81-2505B     94.5 


NP     SW-SM   .95 


JLl 1.75      1.0      1.74 


55--56-     81-2S06B     89.6 


NP     SP-SM   .95 


1.75      1.0      1.33 


55—56-     81-25060     87.6      .51 


PS-2     49—50- 


81F-13PSE       PS-2     49^-50-     82-135C 
81F-13PSE       PS-1     46—47-     82-134C 


126t     Bent  Tip  126+ 


2.0        1.0      1.61 


NP     SP-SM   ,95 LJ 2,0 1,0      ^,39 


PS-2      49—50-      81-2504B 


2.0        1.0      1.97 


49—50-     81-2509B      93. 


NP     SW-SM   .95 LJ 2, 


PS-2     49—50-     82-128C        95.9 


NP     SW-SM   .95 LJ 2,0 Li. 


81F-13PSE PS-3      52 

81F-13PSB   PS-2  52— 53- 
81F-13PSC   PS-4   55—  56- 


2_52''^S3''  81-25100  91.6   .54 
--'.^-     82-136C   95.1   .51 


NP     SW-SM    .94 


NP     SW-SM   .95 


.LJ 1.0      1.93 33_ 


81-2510B     93. 


NP     SP-SM   .94 


_LJ LJ 1.0      1.46 33_ 


82-130B        94. 


NP     SW-SM   .93 9,5 2,0 1,0      1.34 


55—  56-      82-130C 


J 2,0 1,0      1.51 


81F-13PSB        PS-3      55—56-      81-25110      97.3      .56        10 


Li 2,0 1,0     2,04 


81F-13PSE       PS-4      55—56-     82-1370 


2.0   1.0  2.12 


81F-13PSD FS-1  46=^  82-1310 89.5   .60 

B1F-13PSE PS-1  46- 


NP  SW-SM  .93 9,5_ 


82-134B   91.2 


81F-13PSO   PS-1   46—47-  82-127B   92. 


NP  SW-SM  .95 


**  Consolidated  Dry 
Uj^  -  Back  Pressure 
NP  -  Non-Plastic 


Table  63.  Cyclic  Triaxial  Test  Summary  for  1981-1982  Undisturbed  Samples  (Continued) 


Bore- 
.  Bol« 

Field 
Sample 

Depth 
(feet) 

Lab. 

Sample 

No. 

CDD** 
(pcf) 

°50 
(rail) 

No. 

200  L.L.  P.I. 
Sieve  (Z)   (Z) 

uses    B 
Class  Value 

"b 
(kse) 

"30' 

K 

"ai 

Number  of 
Cycles  at 

Number  of 
Cycles  at 

81F-13PSC 

PS-3 

.,^-J 

82-129C 

87.7 

.39 

9    —   NP 

SW-SM  .95 

9.5 

4.0 

1,0 

3.31 

1 

2 

81F-13PSC 
81F-13PSD 

PS-3 
PS-* 

552-55^ 

82-129B 

96.9 

.51 

12    -   NP 

4.0 

1,0 

2,01 

33 

40 

44 

82-133C 

92,1 

.34 

8    --   NP 

SW-SM  .90 

9.5 

».o 

1,0 

3,*B 

39 

8 

81F-13PSA  PS-4  52; 

B1F-13PSC  PS-2 

81F-13PSD  PS-1 

eiF-13PSC  PS-1 


2-S.2 


.1^ 2,0 LJ_ 


61F-13PSE PS;3. 


4y=-50- 
^2-47S_ 

52^-53^ 


NP  SP-SM  .93    9.5 3,0 1.5  1.80 


82-1270   91.6 


NP  SW-SM  .95    9.5   3.0   1.5  2.50   30 


82-136B   97.1   .68 


1-5  3.07 33_ 


B1F-13PSA   PS-3 
81F-65PB    PB-1 


52—54- 
7^-9^ 


82-126B 93,8_ 


36   17  SW-SC  .94    9.5   2.0   2.0  2.34   33 


81F-65PBA   PB-1   8—9- 
81F-65PBA   PB-1   8—9^ 


8S-92 


81F-65PBA       PB-1 
81F-66PSB        PS-2 


81F-68PSB        PS-2      11—12- 


^   82-670D 

95.4    - 

-    61 

42 

26 

CL 

.95 

9.0 

1,0 

0.60 

100+ 



-   82-670D 

93.3 

57 

30 

CL 

.93 

9.5 

0.6 

1,0 

1.20 

90 

.. 

-   82-671B 

-   66 

47 

31 

8.0 

1.0 

50 

100+ 

-   82-671D 

91.0 

-    69 

48 

29 

CL 

.95 

9.5 

0.6 

1.0 

100+ 

100+ 

94.2   - 

-    67 

46 

31 

CL 

.91 

9.5 

2,0 

1.0 

1.27 

100+ 

100+ 

-  82-673C 

88.9 

.11 

30 

37 

22 

SC 

9.0 

0.6 

1,0 

19 

12 

18 

-  82-673B 

87.6 

11 

29 

35 

16 

SC 

.95 

9.0 

0.6 

1.0 

1.00 

19 

21 

30 

-  82-630C 

88.7 

.11 

31 

39 

18 

SC 

.92 

9.5 

0.6 

1  0 

0.70 

19 

60 

70 

^  82-630B 

94.3 

.11 

33 

33 

18 

SC 

.95 

8.0 

0,6 

1.0 

1.00 

19 

7 

14 

eiF-68PSC   PS-2   11- 
81F-68PSC   PS-2  11- 


81F-68PSB   PS-1    8—8- 


81F-68PSC   PS-1   8- 
81F-68PSC   PS-1 


0^ 

ro  ^ 


BlF-6aPSA PS-1 


_8-l9". 
_8-l9^. 


^   82-628C 

97.9 

37 

18 

35 

20 

SC 

.91 

0.6 

1.0 

1 

4.5 

7.5 

-   82-629C 

99.9 

.19 

25 

37 

22 

SC 

.92 

0.6 

10 

0.85 

1 

52 

71 

-   82-629B 

97.3 

.18 

30 

38 

24 

1.0 

1.00 

1 

26 

50 

-   82-625B 

99.3 

2-) 

22 

36 

21 

SC 

.92 

0.6 

1,0 

0.85 

1 

14 

19 

.36 

23 

45 

30 

SC 

1.0 

0.53 

1 

23 

-   82-626B 

97.7 

20 

25 

33 

21 

.92 

0.6 

1,0 

1.08 

} 

9 

13 

^   82-626C 

98.9 

.25 

24 

39 

24 

SC 

.92 

0,6 

1,0 

0.63 

1 

25 

36+ 

81F-68PSA   PS-2  11—12-  82-627B   92.6   .23 


1-0   1.09 19_ 


81F-68PSA   PS-2 


81F-68PS PS-2   11- 


-12-  82-627C 


_3Z 21 SC_ 


..9,0 0^6 1.0  0.54 


-12-  82- 
ll2-  82- 


J..5 0,6 1.0  1.18 19_ 


87.1   .13 29_ 


81F-74PSA   PS-1 


ll=-12-  82-937C 


J^ 0,6 1,0_ 


81F-74PSA   PS-1   11—12-   82-937B   104. 


.9,5 0,6 1.0  0.58 20_ 


81F-74PS 

PS-1 

11—12- 

82-936B 

102.8 

.51 

17 

35 

23 

SC 

.95 

9  5 

0.6 

1.0 

20 

63  Disturbed 

80+  . 

81F-74PS 

PS-1 

11—12- 

82-936C 

103.4 

.47 

19 

SM.SC 

95 

1  0 

0.60 

20 

30 

PS-1 

46^-47^ 

93.0 

.47 

18 

47 

32 

.94 

1.0 

1.30 

6 

9 

81F-C112PS 

PS-1 
PS-3 

-a- 

82-927C 

102.5 

.47 

28 

50 

33 

SC 

95 

1.0 

0.95 

26 

190 

200 

87.7 

.36 

13 

39 

23 

.94 

1.0 

0.71 

17 

81F-C112PSA 

PS-3 
PS-3 
PS-3 

82-930B 

91.4 

.32 

21 

37 

23 

,93 

1.0 

1.19 

17 

11 

13 

94.5 

.49 

21 

46 

29 

.95+ 

1.0 

7 

10 

81F-C113PS 

82-933C 

94.0 

.45 

18 

43 

27 

SC 

95 

1.0 

1.50 

27 

15 

21 

81F-C113PS 

PS-3 
PS-2 
PS-2 
PS-1 

82-933B 

99.3 

.60 

17 

44 

26 

SC 

.95 

1.0 

1.29 

27 

11.5 

15 

84.1 

.31 

17 

22 

.95 

1.0 

8 

10 

81F-C113PSA 

82-941C 

85.1 

,31 

17 

44 

29 

SC 

,95 

1,0 

1.16 

20 

53 

60 

81F-C112PSA 

82-928B 

96.4 

.50 

23 

49 

30 

SC 

.92 

1.25 

1.98 

26 

1.5 

3.5   . 

**  Consolidated 
U.  -  Back  Pressu 
NP  -  Non-Plastic 
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Table  63.  Cyclic  Triaxial  Test  Summary  for  1981-1982  Undisturbed  Samples  (Continued) 

Bore- 
.    Hole 

Lab.                                    No.                                                                                                                           Nuniber  of 
Field       Depth         Sample     CDD**     D^^       200     L.L.    P.I.    USCS         B            Uj^       ffj^'        K^       a^       N^^            Cycles  at 
Sample      (feet)            No,        (pcf)      (mmj   Sieve    (Z)      W     Class  Value    (ksc)    (ksc)                 (ksf)                     51  Strain 

Number  of 
Cycles   at 
lOX  Strain 

81F-C113PSA  PS-3   55—56- 


i-52^' 


B1F-C112PSA  PS-2   51- 
81F-C113PS   PS- 


81F-C112PS  PS-2  «9— 50- 
B1F-C112PS  PS-3  55--56- 


81F-C112PS  PS-3  55—56- 


**  Consolidated  Dry  Density 
U^  -   Back  Pressure 
NP  -  Non-Plastic 


-     82-9«2B 

99.1 

.61 

20 

44 

27 

SC 

.95 

2.0 

2.0 

7                 1.5 

^     82-929B 

92.8 

.AO 

18 

38 

23 

SC 

.95 

2,0 

1.0 

1.18        1 

7                   11 

13 

-     82-929C 

88.5 

.39 

18 

39 

23 

SC 

.94 

2.0 

1.0 

0.96        1 

7                   16 

19 

-     82-931C 

91.2 

.A2 

19 

45 

31 

.95 

9.5 

2.0 

1.0 

7                1.5 

2 

-     82-9383 

95.7 

A5 

2A 

SM.SC 

95 

2.0 

1.0 

1.46        1 

7                     4 

6 

-     82-938C 

91.6 

.34 

19 

35 

22 

SC 

,94 

2.0 

1,0 

7                1.5 

2.5 

-     82-939B 

92.0 

.22 

20 

SM.SC 

.95 

2.0 

1.0 

1.74        1 

7                4.5 

7 

.24 

17 

.- 

NP 

.95 

2.0 

;,o 

7                   15 

17 

^     82-940B 

98.8 

.A9 

17 

47 

30 

SC 

.95 

2.0 

1.0 

0.99       2 

7                  89 

98 

^     82-940C 

92.4 

.38 

2A 

«6 

32 

.  sc.„ 

,9.5 

..2,0_ 

_J:A. 

7                   16 

20        . 

Table  64.  Cyclic  Triaxial  Test  Summary  for  1984  Undisturbed  Samples 


Lab. 

No. 

Number  of 

Nuniber  of 

Bore- 

Field 

Depth 

Sample 

CDD** 

"50 

200     L.L. 

P.I.   USCS         B            U 

K 

"dp    "ai 

Cycles  at 

Cycles  at 

.   Hole 

Sample 

(feet) 

No. 

(pcf) 

(mm) 

Sieve   m 

(I)     Class  Value   (ksc) 

(ksc) 

(ksc) 

5Z  Strain 

101  Strain 

84F-112SPT  S-3 


84F-112SPT  S-3    8—10- 
84F-112SPT  S-3    8—10^ 


84F-112SPT  S-4  11—13- 

8AF-C112SPT  S-9  41—43- 

8AF-C112SPT  S-10  45--A7- 

84F-C112SPT  S-11  49^-51- 


84-468D 

101.5 

.14 

45 

62 

45 

SC 

.96 

7   0 

0.6 

1.0 

1.00 

5.5 

12 

84-468E 

107.4 

7.0 

52 

37 

SC 

.96 

1.0 

1.0 

1.30        — 

3.5 

7.5 

84-468C 

.12 

62 

46 

SC 

1.0 

l.O 

3 

6 

84-469D 

87.1 

.15 

39 

25 

SC 

.96 

1.0 

1.0 

1   17        — 

1.5 

3.5 

84-469C 

84.2 

.11 

42 

27 

SC 

1.0 

1    0 

2 

3.5 

84-463D 

103.5 

.21 

44 

63 

45 

.95 

1.0 

1   71        - 

81 

100 

2 

84-464E 

104.8 

.23 

55 

37 

SC 

96 

3.0 

1,0 

105 

120 

°- 

84-465D 

87.3 

.24 

37 

52 

38 

SC 

.96 

3.0 

1,0 

12.5 

15.5        . 

**  Consolidated  Dry  Density 
U  -  Back  Pressure 
NP  -  Non-Plastic 
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DEFORMATION  (i 


WVAJVlftI 


0      LOAD  (kg.) 
50 


^ 


CONFINING  PRESSURE 


PORE  PRESSURE 


n 


1. 1.  Ki\^|v/j"prpr 


K 


.25- 


t  „  DEFORMATION 


'i^^WlAAA/]  1 1 j1i1 


Q   LOAD  (kg.) 


e 


SM  (Nai  =  30) 
0-3C  =  2.0  ksc 
BORING     8IF-I3-PSE 
DEPTH     47  ft. 


SC  (Nai  ^29) 
^3c'  =  2.0  ksc 
BORING  8IF-CII3-PS 
DEPTH    56  ft. 


WTO 


KKKN 


PORE  PRESSURE^    IX 


MV/U\ 


RESSUREp^     \     W  I /I I      /     /      I     J J 4--/-- 

i\l  11 II  y  11 1)  If  11  (ly  II 11  y  II  u  II  yy  1/ 


figHre  374.   Typical  Triaxial  Test  Records  (^c  =10) 


DEFORMATION  (in.) 


^ 


s 


Q      LOAD  (kg) 


^ 


PORE    PRESSURE 


^^^'^'T-p 


^ 


SC(Nai=  33) 

Kc  =  2.0 

°"3c'=  2  ksc 

BORING   8IF-CII3-PSA 

DEPTH     56ft. 


SM  (Nai=30) 
Kc  =  1.5 
°'3c'=  3  ksc 
BORING    8IF-I3-PSC 
DEPTH    47  ft. 


.25 

0- 

.25 


CHANGE  OF 


'^^VAAA.AJ\AjyVJ]4X|m 


_    ^— STRAIN- SCALE 


A/1  A  A  A  / 

AAA/  A/n/\AAAA/^/i/in 

'-°'^'^  '\     \       / 

\ 

^"'■^ 

lwl/\/  Jll    1 

I 

\  \ 

\/ 

l/l/ll/\lvvvi/v\/vv 

V 

V  \l  \ 

V 

V 

XONFINING    PRESSURE 


fe 


^/^#M.WiWWiM 


PORE  PRESSURE 


i^/gure  375.    r>pica/  Cycffc  Triaxial  Test  Records  (Kc  >  1 .0) 
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n , I  '  '  '        ^ 

THERMALITO   FOREBAY  DAM 

SC/SM   SAMPLES    FROM    1976  "D"  BOREHOLES 

0"3c'=  1.0  ksc     Kc=  1.0 

FAILURE  CRITERIA 

±57o      +I07o     AXIAL  STRAIN 

O  • 


Cdp 
(ksc) 


Qi3»      • 


o^« 


10  100 

NUMBER  OF  CYCLES  TO  FAILURE 

Figure  376.   1976  SC/CM Sampks  (o'ic  = 'i^Oksc,    Kc  =i.O) 


10  100 

NUMBER  OF  CYCLES  TO  FAILURE 
Figure  377.    1976  SC/SM  Samples  {o'ic   =  3.0  ksc,  Kc=  1.0) 


,, ,  1  . ...  I      ,1  ..l...J_.J_J_l_ 

- 

THERMALITO   FOREBAY  DAM 

SC/SM  SAMPLES    FROM    1976  "D"  BOREHOLES 

a3c"=3.0ksc     Kc  =  I.O 

FAILURE   CRITERIA 
+  5%      +10%    AXIAL   STRAIN 
O             • 

CTdp 
(ksc) 


THERMALITO   FOREBAY  DAM 

SC/SM    SAMPLES  FROM   1978   TFS-4 

BOREHOLES  (STA.  11  +  55) 

- 

(J^Q^  I.Oksc     KqH.O 

FAILURE  CRITERIA 

±5%     ±l07o    AXIAL  STRAIN 

O             • 

Ck            • 

-\ 

■^ 

'°^A-/,-cX     • 

^^'^4^- 

^-_ 

■~~--o« 

10  100 

NUMBER  OF  CYCLES  TO  FAILURE 

Figure  378.   1978  SC/SM  Samples  from  Station  11  +  55  (& ^c  =  1  •  Oksc,  Kc=  1.0) 


adp 
(ksc) 


1 1 — 1 — 1 — 1    1   1 

" 

■ 

■ 

THERMALITO   FOREBAY  DAM 

SC/SM    SAMPLES  FROM   1978   TFS-4 

BOREHOLES  (STA.  11  +  55) 

a3c'=3.0ksc     Kc=I.O 

FAILURE   CRITERIA 

±5%      ±10%    AXIAL  STRAIN 

O             • 

]            1         r       1      1     1     1    1                            [                1            1         J       1      1     1    1 

10  100 

NUMBER  OF  CYCLES  TO  FAILURE 
Figure  379.    1978  SC/SM  Samples  from  Station  11+55  (o'^c  =  ^.Oksc,  Kc 


1.0) 
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cx^« 

1 1 1 — 1 — 1 — 1    1  1 

THERMALITO    FOREBAY   DAM 
1980   SP,  SW,  SM.SC  SAMPLES   FROM  TAIL  CHANNEL 
Cr3c  =  LO  ksc          K^  =    LO 
FAILURE  CRITERIA 
±5yo      +J0.7o    AXIAL   STRAIN 

HAND -CARVED  TUBE    SAMPLES   O                 # 
HAND -CARVED  BLOCK  SAMPLES  Q 

0» 

NUMBER  OF  CYCLES  TO  FAILURE 
Figure  380.   1980  SP,  SW,  SM,  SC  Hand  Carved  Samples  from  Tail  Channel  (a'^c  =  l-Oksc,  Kc  =  1.0) 


tx« 


THERMALITO   FOREBAY  DAM 

1980  SP.  SW.SM.SC  SAMPLES  FROM  TAIL  CHANNEL 

0-ic'=   1.0  ksc     Kc=  1.5 

FAILURE  CRITERIA 

±5%     ±10%    AXIAL  STRAIN 

HAND-CARVED  TUBE  SAMPLESQ  # 


-_   5V.  AXIAL    STRAIN 


10  100 

NUMBER  OF  CYCLES  TO  FAILURE 

Figure381.    1980  SP,  SW,  SM,  SC  Hand  Carved  Samples  from  Tail  Channel  (o' 2c  =  1.0ksc,Kc=  1.5) 


CTdp 
(ksc) 


g    ■ 
\ 
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\ 
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^^D    ■ 
O     ^% 

1 1 1 — I — 1    1   1  1 

THERMALITO   FOREBAY  DAM 
1980  SP,  SW,  SM.SC  SAMPLES  FROM  TAIL  CHANNEL 
CT3c'=3.0ksc     Kc=I.O 
FAILURE  CRITERIA 
±57o     ±107,     AXIAL  STRAIN 

O                  •    HAND -CARVED  TUBE   SAMPLES 
D                  ■    HAND-CARVED  BLOCK   SAMPLES 

1 1 1 1 L_J_J.  ,1. 

■ 

CTdp 
(ksc) 


10  100 

NUMBER  OF  CYCLES  TO  FAILURE 
Figure382.   1980  SP,  SW,  SM,  SC  Hand  Carved  Samples  from  Tail  Channel  (&  ^c  =  3.0ksc,Kc  =  1.0) 


THERMALITO   FOREBAY  DAM 

1982  STA.  10    SC/SM   SAMPLES  (ELEV,  160-164  ft.) 

(Jjc'^  I.Oksc      Kc=  1.0 

. 

FAILURE                   '  DEPTH -^ 

CRITERIA                   INTERVAL 

±57,±l07o  Nai             (feet) 

O        •       25         16.0-  17.5 

□        ■ 

28         19.0-20.5 
^  Holes  drilled  from  toe 

■ 

10  100 

NUMBER  OF  CYCLES  TO  FAILURE 
Figure  383.  1981-82  SC/SM  Samples  from  Station  10  (a'^c  =  i-Oksc,  Kc  =  1.0,  A^^i  =  25,  28) 
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(ksc) 


THERMALITO    FOREBAY   DAM 

1982  STA.  10    SC/SM   SAMPLES  (ELEV.  160-164  ft.) 

0"3c'  =  I.Oksc 

. 

FAILURE                      DEPTH^ 

CRITERIA                   INTERVAL 

Kr  ±57oil0  7o  Na,             (feet) 

1.5      O       •       25         16.0-17.5 

1.5      D        -        25         16.0-17.5 

/DISTURBED 

/specimen 

1.5     A       A      28         19.0-20.5 
2.0     O       ♦      28         19.0-20.5 

A-^                   ^. 

-X-  Holes  drilled 
from  toe 

1.5 

10  100 
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Figure  384.    1982-82  SC/SM  Samples  from  Station  10     (o'^c  = 

--IMsc,  Kc  = 

l.5,2.0,yv^i  =  25,28) 
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Figure  385.  1981-82  SCI  SM  Samples  from  Station  10  (a'^c  =  3.0/t.yc,  Kc  =  1.0,  Na\  =  25,  28) 
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Figure  386.  1981-82  SW/SM  Samples  from  Station  13  (a'yc  =  l-TSksc,  Kc  =  1.0,  Na\  =  30,  33.  39) 
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Figure  387.   1981-82  SW/SM  Samples  from  Station  13  (o'^c  =  2.0ksc,  Kc  =  1.0,  Nai 


30,33,39) 


-  512  - 


% 

• 

I      .     I     1    1    1                         ,              1          >..... 

THERMALITO   F0RE8AY  DAM 

1981-82  STA.  13   SW/SM  SAMPLES 

% 

Cr3c'-2.0ksc 

K 

FAILURE                      DEPTH^ 
CRITERIA                   interval" 

^'-0- 

Kc±5%±IO%   N„             (feet) 

\ 

>0 

1.5     O      ♦        33        52.0-54.0 

2.0      O      •         33         52.0-54.0 

1                                      ^  Holes  drilled 

from  toe 

10  100 

NUMBER  OF  CYCLES  TO  FAILURE 


Figure  388.   1981-82  SW/SM  SampUsfrom  Station  13  (a'^c  = 

-.2.0ksc,Kc=  1.5,2.0,  Nai  =  33) 
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Figure  389.   1981-82  SWISM  Samples  from  Station  13  (o'^c  =  2>.0ksc,  Kc  =  1.5,  Nai  =  30,  33) 
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Figure  390.   1981-82  SW/SM  Samples  from  Station  13  (a'yc  =  4.0ksc,  K 

c=  1.0,  TVa,  =  30,33,39) 
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Figure  391.    1981-82  SCI  SM  Samples  from  Station  68  (a'ic  =  0-6ksc,  Kc  =  1.0,  A^^i  =  17) 
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Figure  392.   1981-82  SCjSM SampUs  from  Station  68  (a'^c  =  0.6ksc,  Kc  =  1.0,  Na\  =  19) 


CTdp 
(ksc) 




THERMALITO   FOREBAY  DAM 

1982  STA.  68    SC/SM  SAMPLES 

a3c'=  1.0  ksc      Kc=  1.0 

FAILURE                DEPTH* 
CRITERIA             INTERVAL 
±5%  ±10%   Na,     (feet) 
□         ■        19     1 1.0-12.5 

->f  Holes  drilled,  from  toe 

^=^M-r 

^^s,.-^ 

■ 

■ 

1       1      1     1    1   1  1 

1          1       1     1    1    1   1  1 

10  100 

NUMBER  OF  CYCLES  TO  FAILURE 
Figure  393.  1981-82  SC/SM  Samples  from  Station  68  (o'ic  =  l-Oksc,  Kc  =  1.0,  A^^i  =  19) 
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Figure  394.  1981-  82  SW/SM  Samples  from  Station  74  (a'jc  =  QMsc,  Kc  =  1.0,  A'^i  =  20) 
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Figure  396.    1984  SC/SM  Samples 

from  Station  112  (o'sc  =10  ksc,  Kc 

=  1.0) 
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Figure  397.   1981-82  SC/SM  Samples  from  Station  112  (a'^c  =  2.0lcsc,  Kc  =  1.0,  A^^i  =  17,26; 
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Figure  398.   1981-82  SCI  SM  Samples  from  Station  112  (o'ic  =  2.0ksc,  Kc  =  1.25,  A^^i  =  26) 
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Figure  399.   1984  SC/SM  Samples  from  Station  112  (o'^c   =  3.0ksc,  Kc^  1.0) 
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Figure  400.   1981-82  SCI SM  Samples  from  Station  113  (a'^c     =  2.0ksc,  Kc  =  1.0,  Nai  =  20,  27) 
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Figure  401.   1981-82  SC/SM  Samples  from  Station  113  (o'ic   =  2.0  ksc,  Kc  =  2.0,  A'^i  =  27) 
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ADDENDUM  E.  DYNAMIC   STRESS  ANALYSES 

Dynamic  stresses,  strains  and  accelerations  calculated  using  programs  SHAKE  and  QUAD4  are  presented  in  the  figures 
shown  below.  Also  included  are  comparisons  between  results  obtained  by  program  SHAKE  and  program  QUAD4.  Pro- 
gram SHAKE  uses  a  one-dimensional  dynamic  response  analysis  technique.  Since  Program  SHAKE  assumes  horizontal 
soil  layers  with  infinite  extent,  eight  SHAKE  columns  were  used  to  approximate  both  the  Main  Dam  and  the  Low  Dam 
Sections  at  Thermalito  Forebay.  Program  QUAD4  is  a  dynamic  finite  element  analysis.  The  soil  layers  and  properties  in 
SHAKE  were  made  identical  to  those  elements  in  the  QUAD4  analysis  at  the  column  locations.  Both  the  Oroville 
Reanalysis  Earthquake  motion  and  the  Modified  El  Centro  Earthquake  motion  were  used  with  each  program. 

Figure  402  (a)  Maximum  Horizontal  Accelerations,  flmax  (g),  Computed  by  Program  SHAKE  using  the  Oroville 
Reanalysis  Earthquake— Main  Dam 

(b)  Maximum  Horizontal  Accelerations,  Omax  (g).  Computed  by  Program  SHAKE  using  the  Modified  El 
Centro  Record— Main  Dam 

Figure  403   (a)  Maximum  Horizontal  Accelerations,  Qmax  (g),  Computed  by  Program  QUAD4  using  the  Oroville 
Reanalysis  Earthquake— Main  Dam 

(b)  Maximum  Horizontal  Accelerations,  a  max  (g),  Computed  by  Program  QUAD4  using  the  Modified  El 
Centro  Record— Main  Dam 

Figure  404  (a)  Comparison  of  Maximum  Horizontal  Accelerations  Computed  by  Programs  SHAKE  and  QUAD4 
using  the  Oroville  Reanalysis  Earthquake— Main  Dam 

(b)  Comparison  of  Maximum  Horizontal  Accelerations  Computed  by  Programs  SHAKE  and  QUAD4  using 
the  Modified  El  Centro  Record— Main  Dam 

Figure  405  (a)  Maximum  Horizontal  Shear  Stresses,  (txy)  max.  (psf),  Computed  by  Program  SHAKE  using  the  Oroville 
Reanalysis  Earthquake— Main  Dam 

(b)  Maximum  Horizontal  Shear  Stresses,  (txy)  max  (psf).  Computed  by  Program  SHAKE  Using  the  Modified 
El  Centro  Record— Main  Dam 

Figure  406  (a)  Maximum  Horizontal  Shear  Stresses,  (r;^^,)  max  (tsf).  Computed  by  Program  QU  AD4  Using  the  Oroville 
Reanalysis  Earthquake— Main  Dam 

(b)  Maximum  Horizontal  Shear  Stresses,  (txy)  max  (tsf),  Computed  by  Program  QUAD4  using  the  Modified 
El    Centro  Record— Main  Dam 

Figure  407  (a)  Comparison  of  Maximum  Horizontal  Shear  Stresses,  (Txy)  max  ,  Computed  by  Programs  SHAKE  and 
QUAD4  using  the  Oroville  Reanalysis  Earthquake— Main  Dam 

(b)  Comparison  of  Maximum  Horizontal  Shear  Stresses,  (txy)  max  ,  Computed  by  Programs  SHAKE  and 
QUAD4  using  the  Modified  El  Centro  Record— Main  Dam 

Figure  408  (a)  Maximum  Shear  Strains,  /max  (%),  Computed  by  Program  SHAKE  using  the  Oroville  Reanalysis  Earth 
quake— Main  Dam 

(b)  Maximum  Shear  Strains,  /max  (%),  Computed  by  Program  SHAKE  using  the  Modified  El  Centro 
Record— Main  Dam 
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Figure  409  (a)  Maximum  Shear  Strains,  y^ax  (%),  Computed  by  Program  QUAD4  using  the  Oroville  Reanalysis  Earth 
quake— Main  Dam 

(b)  Maximum  Shear  Strains,  /max  (%),  Computed  by  Program  QUAD4  using  the  Modified  El  Centre 
Record— Main  Dam 

Figure  410  (a)    Comparison  of  Maximum  Shear  Strains,ymax  ,  Computed  by  Programs  SHAKE  and  QUAD4  using  the 
Oroville  Reanalysis  Earthquake— Main  Dam 

(b)  Comparison  of  Maximum  Shear  Strains,ymax  ,  Computed  by  Programs  SHAKE  and  QUAD4  using  the 
Modified  El  Centre  Record— Main  Dam 

Figure  411  (a)  Maximum  Horizontal  Accelerations,  a^ax  (g),  Computed  by  Program  SHAKE  using  the  Oroville 
Reanalysis  Earthquake— Low  Dam 

(b)  Maximum  Horizontal  Accelerations,  Qmax  (g),  Computed  by  Program  SHAKE  using  the 
Modified  El  Centro  Record— Low  Dam 

Figure  412  (a)    Maximum  Horizontal  Accelerations,  a^ax  (g),  Computed  by  Program  QUAD4  using  the  Oroville 
Reanalysis  Earthquake— Low  Dam 

(b)  Maximum  Horizontal  Accelerations,  Omax  (g),  Computed  by  Program  QUAD4  using  the  Modified  El 
Centro  Record  —Low  Dam 

Figure  413  (a)    Comparison  of  Maximum  Horizontal  Accelerations  Computed  by  Programs  SHAKE  and  QU AD4  using 
the  Oroville  Reanalysis  Earthquake— Low  Dam 

(b)  Comparison  of  Maximum  Horizontal  Accelerations  Computed  by  Programs  SHAKE  and  QUAD4  using 
the  Modified  El  Centro  Record— Low  Dam 

Figure  414  (a)    Maximum  Horizontal  Shear  Stresses,  {xxy)  max  (psQ.  Computed  by  Program  SHAKE  using  the  Oroville 
Reanalysis  Earthquake— Low  Dam 

(b)  Maximum  Horizontal  Shear  Stresses,  {xxy)  max  (psf),  Computed  by  Program  SHAKE  using  the  Modified 
El  Centro  Record— Low  Dam 

Figure  415  (a)    Maximum  Horizontal  Shear  Stresses,  (txy)  max  (psf),  Computed  by  Program  QUAD4  using  the  Oroville 
Reanalysis  Earthquake— Low  Dam 

(b)  Maximum  Horizontal  Shear  Stresses,  (r;«:j,)  max  (psf).  Computed  by  Program  QUAD4  using  the 
Modified  EL  Centro  Earthquake— Low  Dam 

Figure  416  (a)  Comparison  of  Maximum  Horizontal  Shear  Stresses,  {xxy)  max  ,  Computed  by  Programs  SHAKE  and 
QUAD4  using  the  Oroville  Reanalysis  Earthquake— Low  Dam 

(b)  Comparison  of  Maximum  Horizontal  Shear  Stresses,  {xxy)  max  ,  Computed  by  Programs  SHAKE  and 
QUAD4  using  the  Modified  El  Centro  Record— Low  Dam 


Figure  417  (a)  Maximum  Shear  Strains,  /max  (%),  Computed  by  Program  SHAKE  using  the  Oroville  Reanalysis 
Earthquake— Low  Dam 

(b)  Maximum  Shear  Strains,ymax    (%),  Computed  by  Program  SHAKE  using  the  Modified  El  Centro 
Record— Low  Dam 

Figure  418  (a)    Maximum  Shear  Strains,  /max  (%),  Computed  by  Program  QUAD4  using  the  Oroville  Reanalysis 
Earthquake— Low  Dam 

(b)  Maximum  Shear  Strains,ymax    (%),  Computed  by  Program  QUAD4  using  the  Modified  El  Centro 
Record— Low  Dam 

Figure  419  (a)    Comparison  of  Maximum  Shear  Strains  ,ymax  ,  Computed  by  Programs  SHAKE  and  QUAD4  using  the 
Oroville  Reanalysis  Earthquake  -  Low  Dam 

(b)  Comparison  of  Maximum  Shear  Strains,  ymax  ,  Computed  by  Programs  SHAKE  and  QUAD4  using  the 
Modified  El  Centro  Record  -  Low  Dam 
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ADDENDUM  F 

EXAMINATION  OF  THE  PERFORMANCE  OF 

UPPER  SAN  FERNANDO  DAM 

DURING  THE  EARTHQUAKE  OF  FEBRUARY  9, 1971 
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Figure  420.  Cross-Section  Through  Upper  San  Fernando  Dam  (after  Seed  et  al.,  1973) 


Figure  421.  Plan  View  of  Upper  San  Fernando  Dam 


ADDENDUM  F 

EXAMINATION  OF  THE  PERFORMANCE  OF  UPPER  SAN  FERNANDO  DAM 
DURING  THE  EARTHQUAKE  OF  FEBRUARY  9, 1971 

1.    INTRODUCTION 


Description  of  Upper  San  Fernando  Dam 

Upper  San  Fernando  Dam  is  a  hydraulic  fill  embankment 
about  75  feet  high  with  a  reservoir  capacity  of  approxi- 
mately 1,850  acre-feet.  The  dam  is  part  of  the  Van  Nor- 
man Lake  Complex,  which  serves  as  a  water  distribution 
center  for  the  city  of  Los  Angeles. 

Construction  of  the  dam  began  in  1921  using  the  "semi- 
hydraulic"  fill  method.  This  construction  method  gener- 
ally consisted  of  placing  material  in  dikes  at  the  upstream 
and  downstream  toes  and  spreading  the  material  in  be- 
tween by  sluicing  it  with  jets  of  water.  Using  this  tech- 
nique, the  finer  material  tended  to  be  deposited  in  the 
middle  of  the  dam  to  form  the  core,  and  the  coarser  mate- 
rial remained  near  the  outer  portions  of  the  dam  to  form 
the  embankment  shells.  By  the  end  of  1921,  the  dam  was 
raised  to  approximately  elevation  1200  feet.  Although 
the  original  design  called  for  adding  hydraulic  fill  up  to 
elevation  1238  feet,  this  plan  was  changed.  Instead,  the 
dam  was  completed  only  to  elevation  1218  feet  by  the  ad- 
dition of  an  18-foot-high  rolled  fill  parapet  crest  section 
on  the  upstream  side  of  the  dam.  A  typical  cross-section 
of  Upper  San  Fernando  Dam  is  shown  in  Figure  420.  A 
plan  view  of  the  dam  is  shown  in  Figure  421. 

Earthquake  of  February  9, 1971 

On  February  9,  1971,  a  Magnitude  6.6  earthquake  oc- 
curred in  the  San  Fernando  area.  The  epicenter  was  lo- 
cated approximately  6  miles  northeast  of  the  Van  Nor- 
man Dam  Complex.  Seed  et  al.  (1973)  estimated  that  the 
maximum  rock  surface  acceleration  at  the  site  of  the  dam 
was  between  0.55  and  0.69g.  This  same  earthquake  re- 
sulted in  a  large  upstream  slide  in  the  Lower  San  Fer- 
nando Dam  (see  Seed  et  al.,  1973,  1988). 


Earthquake-Induced  Displacements 

As  a  result  of  the  earthquake,  the  Upper  San  Fernando 
Dam  developed  significant  settlements  and  downstream 
movements.  The  downstream  movement  of  the  dam  led 
to  the  development  of  several  longitudinal  cracks  along 
the  upstream  slope  of  the  parapet  crest  and  running 
nearly  the  full  length  of  the  dam.  According  to  Seed  et  al. 
(1973),  the  upstream  cracks  appeared  to  be  multiple 
shear  scarps.  There  was  no  embankment  breach  resulting 
in  the  loss  of  water  from  the  reservoir. 

Figure  422  shows  settlement  measurements  made  before 
and  after  the  earthquake  for  stations  along  the  crest. 
Similarly,  Figure  423  shows  horizontal  measurements 
made  before  and  after  the  earthquake  for  the  same  sta- 
tions. These  figures  indicate  a  maximum  earthquake-in- 
duced settlement  of  3.2  feet  together  with  a  maximum 
horizontal  movement  of  5.0  feet  downstream  for  monu- 
ments along  the  crest. 

For  the  monuments  set  on  the  embankment  crest,  the 
pattern  of  earthquake-induced  settlements  matches  rela- 
tively well  the  height  of  the  hydraulic  fill.  However,  the 
downstream  movements  reflect  a  simple  uniform  bowing 
out  of  the  fill  irrespective  of  its  height. 

Figure  424  shows  settlement  of  the  embankment  surface 
downstream  of  the  crest  along  the  outlet  line.  Except  for 
Outlet  Station  84-1-13.95,  located  above  the  clayey  cen- 
tral core  material,  settlement  decreases  with  distance 
from  the  crest,  from  approximately  3  feet  at  the  crest  to 
approximately  0  at  Station  P.L  This  trend  also  reflects  hy- 
draulic fill  height  since  the  height  of  the  fill  decreases  past 
Outlet  Station  85  -I- 14.  These  same  monuments  indi- 
cated horizontal  movements  as  much  as  7  feet  down- 
stream. 
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UPPER  SAN  FERNANDO  DAM 

Settlement  Records  before  and  after  EQ 


Settlement  Measured  on  Jan.  8,  1971 
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Settlement  Measured  in  Mid-April,    1971 
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STATION  ALONG  CREST 
Figure  422.  Upper  San  Fernando  Dam—Settlement  Records  Before  and  After  Earthquake 

UPPER  SAN  FERNANDO  DAM 

Horiz.  Offset  before  and  after  EQ 
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STATION  ALONG  CREST 
Figure  423.    Upper  San  Fernando  Dam— Horizontal  Offset  Before  and  After  Earthquake 
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UPPER  SAN  FERNANDO  DAM 

Settlement  Records  before  and  after  EQ' 
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Figure  424.  Upper  San  Fernando  Dam — Settlement  Records  Before  and  After  Earthquake 


Figure  425.  Recorded  Pore  Pressures—  Upper  San  Fernando  Dam  (adapted  from  Seed  et  al.,  1973) 
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Figure  426.   Idealized  Cross-Section  Through  Upper  San  Fernando  Dam  (after  Serffet  al.,  1976) 


Figure  427.  Strain  Potential  in  Hydraulic  Fill—  Upper  San  Fernando  Dam  (after  Seed  et  al.,  1973) 


Earthquake-Induced  Pore  Pressure  Changes 

Figure  425  (after  Seed  et  al.,  1973)  shows  locations  and 
recorded  pore  pressures  measured  in  three  standpipe 
piezometers.  During  the  earthquake,  water  flowed  out 
the  tops  of  Piezometers  1  and  2  and,  consequently,  the  ac- 
tual maximum  values  could  not  be  measured.  However, 
the  maximum  recorded  changes  in  pressure  were  at  least 
17  feet  and  12  feet,  respectively,  for  Piezometers  1  and  2. 
Evidence  that  liquefaction  developed  in  the  embankment 
is  also  indicated  by  several  sand  boils  that  formed  in  fill 
placed  beyond  the  downstream  toe. 

1973  Liquefaction  Evaluation 

The  significant  deformations  and  pore  pressures  meas- 
ured after  the  earthquake,  together  vidth  the  develop- 
ment of  sand  boils  near  the  toe  of  the  dam,  indicated  that 
some  amount  of  earthquake-induced  liquefaction  was 


triggered  in  the  dam.  To  investigate  this  behavior,  a  com- 
prehensive liquefaction  evaluation  was  performed  by 
Seed  et  al.  (1973).  The  results  of  these  analyses  are  de- 
scribed fully  by  Seed  et  al.  (1973)  and  Serff  et  al.  (1976). 

Figure  426  shows  the  idealized  model  used  in  the  1973 
evaluations.  Figure  427  presents  zones  of  compressive 
strain  potential  predicted  by  the  evaluations.  Complete 
liquefaction,  as  evidenced  by  the  development  of  100% 
pore  water  pressure  increase,  would  be  expected  for  com- 
pressive strain  potentials  greater  than  about  3  to  5  per- 
cent. Figure  427  shows  that  significant  zones  of  liquefac- 
tion would  be  predicted  within  the  bottom  half  of  the  hy- 
draulic fill.  This  appears  to  be  in  relatively  good  accord 
with  the  behavior  observed.  Although  large  compressive 
strain  potentials  are  shown  within  the  heavy  lines  denot- 
ing the  approximate  boundaries  of  the  clayey  core,  it  is  not 
clear  if  the  bulk  of  the  core  zone  actually  liquefied  since 
the  material  in  this  zone  is  predominantly  clayey. 


2.  1971  POST-EARTHQUAKE  DRILLING  EXPLORATIONS 


Introduction 

Following  the  1971  earthquake,  the  California  Depart- 
ment of  Water  Resources  conducted  a  field  and  labora- 
tory exploration  program  in  both  the  Upper  and  Lower 
San  Fernando  Dams.  The  field  explorations  were  con- 
ducted principally  during  April  and  May  1971. 

Table  65  summarizes  information  concerning  the 
boreholes  drilled  after  the  earthquake  at  Upper  San  Fer- 
nando Dam.  Figures  428  and  429  present  plan  and  profile 
sections  showing  the  boring  locations. 

As  reported  in  the  Seed  et  al.  (1973)  studies,  the  1971 
field  explorations  indicated  that  the  soils  within  the  hy- 
draulic fill  ranged  from  coarse  sands  to  clays,  generally 
grading  from  coarse  to  fine  soils  moving  from  the  slope 
surface  towards  the  central  core.  Figure  430  shows  the 
range  of  grain  size  curves  for  the  sandy  and  silty  soils 
found  in  the  outer  shell  zones  within  the  hydraulic  fill. 

Standard  Penetration  Testing 

SPT  Test  Procedures 

Standard  Penetration  Testing  (SPT)  was  performed  in  the 
dam  after  the  earthquake  by  the  California  Department 
of  Water  Resources.  The  drilling  was  performed  in  April 
and  May  1971,  approximately  2  to  3  months  after  the  Feb- 
ruary 9, 1971  earthquake.  The  SPT  tests  were  performed 
in  mud -filled  boreholes,  which  were  drilled  with  a 
5.6-inch  tricone  drill  bit.  The  SPT  split-spoons  used  had 
2.0-inch  O.D.'s  and  1.38-inch  I.D.'s  at  the  shoe.  How- 
ever, it  is  believed  that  the  barrel  I.D.'s  above  the  shoe 
were  1.5  inches  in  order  to  make  space  for  liners,  but  that 
no  liners  were  used.  It  is  also  believed  that  the  samplers 
were  driven  into  the  soil  using  140-lb.  safety  hammers 
raised  and  released  with  a  2-wrap  rope  and  cathead  tech- 
nique. 

Procedural  and  Overburden  Corrections 
to  Measured  SPT  Blowcount 

Recent  SPT  correlations  with  liquefaction  resistance  and 
residual  strength  have  been  presented  in  terms  of  a  cor- 


rected SPT  blowcount,  (A^i)6o,  The  corrected  blowcount 
represents  the  value  that  would  be  obtained  in  a  soil  un- 
der a  level  ground  overburden  pressure  of  1  tsf.  It  also 
represents  the  value  that  would  be  obtained  using  a  SPT 
hammer  that  delivers  to  the  drill  rods  an  impact  energy 
equal  to  60  percent  of  the  theoretical  free-fall  energy  of  a 
140-lb.  weight  falling  30  inches.  Further,  this  standard- 
ized blowcount  also  represents  a  test  result  using  a 
2.0-inch  O.D.  sampler  with  a  constant  I.D.  of  1.38  inches. 
Because  the  SPT  tests  conducted  at  Upper  San  Fernando 
Dam  in  1971  were  performed  using  somewhat  different 
test  procedures  and  conditions,  it  is  necessary  to  correct 
the  measured  blowcounts  to  obtain  equivalent  (A^Oeo. 
values.  The  following  corrections  were  made  to  the  Up- 
per San  Fernando  Dam  SPT  data: 

1.  Because  140-lb.  safety  hammers  used  with  a  2-wrap 
rope  and  cathead  release  deliver  average  energies  of 
about  60  percent  of  the  theoretical  value  to  the  drill 
rods,  no  correction  was  made  for  energy. 

2.  Because  the  SPT  sampler  used  was  believed  to  have  a 
1.5-inch  barrel  I.D.  (i.e.  space  for  liners  but  no  liners 
used),  the  measured  blowcounts  were  increased  as 
suggested  by  Seed  et  al.  (1985).  The  amount  of  in- 
crease varied  with  the  value  of  the  blowcount  with 
blowcounts  of  about  10,  with  a  10  percent  correction, 
and  blowcounts  of  40  or  more  with  a  35  percent  cor- 
rection. 

3.  To  correct  for  the  different  overburden  pressures 
which  exist  at  different  testing  depths,  a  correction 
factor,  denoted  as  Cs  ,  was  used.  The  values  of  Cm 
used  for  the  overburden  correction  were  those  sug- 
gested by  Seed  et  al.  (1983)  for  moderately  dense 
soils  (Pr  =  40  to  60  percent).  Because  borings  A-1, 
A-^,  B-1,  B-4,  B-5,  C-1,  C-4,  and  C-5  were  drilled 
in  sloping  ground,  the  vertical  overburden  pressure 
was  increased  by  15  percent  to  account  for  increased 
lateral  stresses. 

Corrected  Post-Earthquake  SPT  Blowcounts 

Figure  431  presents  corrected  (^i)6o.  blowcounts  as  a 
function  of  test  elevation  for  all  1971  SPT  tests  performed 
at  Upper  San  Fernando  Dam,  save  for  those  conducted  in 


Table  65.  Summary  of  1971  Drilling  Explorations  at  Upper  San  Fernando  Dam 


Borehole 


Station 


Horizontal 

Offset- 
from  Axis^ 


Surface 

Elevation 

(feet) 


Maximum 
Depth 

(feet) 


No.  of 
SPT 
Tests 


A-1 

3  +  80 

80'  u/s 

1205.4 

105.0 

13 

A-2 

3  +  87 

50'  u/s 

1216.2 

127.9 

20 

A-3 

3  +  67 

16'  d/s 

1199.8 

120.3 

18 

A-4 

3  +  73 

90'd/s 

1199.8 

111.5 

14 

B-1 

7  +  46 

83'  u/s 

1205.6 

115.0 

13 

B-2 

7  +  42 

50'  u/s 

1215.2 

130.0 

15 

B-3 

7  +  50 

15'  d/s 

1199.1 

121.5 

15 

B-4 

7  +  69 

102'  d/s 

1198.7 

115.9 

18 

B-5 

7  +  67 

185'  d/s 

1169.5 

87.5 

14 

B-6 

7  +  57 

271'  d/s 

1148.8 

67.9 

C-1 

9  +  42 

84' u/s 

1206.2 

121.0 

17 

C-2 

9  +  43 

50'  u/s 

1215.8 

140.0 

11 

C-3 

9  +  43 

15'  u/s 

1201.1 

100.8 

13 

C^ 

9  +  17 

101'  d/s 

1198.8 

115.0 

11 

C-5 

9  +  71 

162'  d/s 

1177.6 

88.4 

13 

C-6 

9  +  73 

280'  d/s 

1149.0 

83.9 

11 

C-7 

9  +  80 

474'  d/s 

1144.1 

73^5 

L-1 

(drilled  in 

slide  area  E/o  Reservoir- 

-not  used) 

L-2 

(drilled  in 

Powerhouse  Tailbay— no 

t  used) 

line  is  49.5  feet  d/s  of  crest 

centerline) 

1  Offset 

is  measured  from  original  axis- line.  (The  original  axis 

Boreholes  A-3,  B-3,  and  C-3.  These  three  boreholes 
were  located  in  the  central  core  section  which  consists  of 
predominantly  clayey  soils,  generally  not  thought  to  be  li- 
quef  iable.  The  hollow  qonbols  in  Figure  43 1  indicate  that 
the  blowcount,  despite  being  performed  outside  of  the 
core,  was  obtained  in  predominantly  clayey  soil.  Small 
symbols  indicate  that  the  borehole  location  is  upstream  of 
the  central  core,  large  symbols  indicate  that  the  borehole 
location  is  downstream  of  the  clay  core,  and  asterisks  next 
to  symbols  denote  that  the  material  contains  gravel.  No 
significant  difference  is  observed  in  the  blowcount  data 
obtained  upstream  versus  downstream  of  the  core. 

Figure  431  indicates  that  the  upper  half  of  the  hydraulic 
fill  has  somewhat  lower  blowcounts  than  the  lower  half 
and  that  blowcounts  increase  sharply  as  the  soil  tested 
changes  from  the  fill  to  the  alluvial  foundation.  Figure 
432  shows  mean  and  median  values  in  the  upper,  middle. 


and  lower  intervals  of  the  hydraulic  fill  for  the  non-clayey 
soils  (i.e.  solid  symbols  only).  These  mean  and  median 
values  are  also  presented  in  Table  66,  along  with  blow- 
count values  for  intervals  above  and  below  the  hydraulic 
fUl. 

Average  Pre-Earthquake  SPT  Blowcount 

The  blowcount  data  summarized  in  Table  66  were  taken 
after  the  February  1971  earthquake.  The  density  of  the 
soil  was  probably  changed  by  the  earthquake  as  evidenced 
by  settlement  records.  Consequently,  the  blowcounts 
shown  above  need  to  be  reduced  in  order  to  obtain  the 
pre-earthquake  blowcount  values. 

If  it  is  assumed  that  horizontal  movements  were  caused  by 
shearing  and  that  lateral  strains  are  small,  then  the  volu- 
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Figure  430.  Ranges  of  Grain  Size  Distribution  Curves  for  Sand,  Hydraulic  FiU  (after  Seed,  et  al.,  1973) 


metric  strain  in  the  cohesionless  shell  zones  can  be  deter- 
mined by  calculating  values  of  vertical  strain  in  the 
hydraulic  fill.  Table  67  summarizes  the  vertical  strain 
computations. 


The  data  presented  in  Table  67  show  that  the  average  ver- 
tical strain  along  the  crest  in  the  vicinity  of  the  1971 
boreholes  is  approximately  5.7  percent.  It  should  be 
noted  that  the  strains  computed  along  the  crest  may  be 
too  high  because  the  calculations  ignore  the  possibility 
that  some  of  the  measured  settlements  could  have  oc- 
curred in  the  rolled  fill.  The  data  in  Table  67  also  show 
that  the  average  vertical  strain  in  the  vicinity  of  the 
boreholes  downstream  of  the  crest  is  about  3.1  percent 
(excluding  Station  84  + 13.95  above  the  clayey  core).  The 
overall  average  vertical  strain  in  both  areas  is  about  4.6 
percent.  In  light  of  these  results,  a  reasonable  average 
post-earthquake  volumetric  strain  in  the  hydraulic  fill 
would  be  approximately  4.5  percent. 


For  the  silty  sand  material  that  constitutes  the  principal 
portions  in  the  shell  zones  within  Upper  San  Fernando 
Dam,  the  range  between  maximum  and  minimum  dry 
densities  was  found  to  be  about  36  pcf  (see  Seed  et  al., 
1973).  The  average  post-earthquake  relative  density  was 
also  determined  to  be  about  54  percent,  corresponding  to 
a  void  ratio  of  approximately  0.75.  Using  the  above  pa- 
rameters, together  with  a  post-earthquake  volumetric 
strain  of  4.5  percent,  results  in  a  void  ratio  change  of  ap- 
proximately 0.08.  This  void  ratio  change  corresponds  to  a 
relative  density  change  of  about  12  percent,  say,  from  42 
percent  prior  to  the  earthquake  to  about  54  percent  after 
the  earthquake. 

Studies  by  Skempton  (1986)  and  by  Marcuson  and 
Bieganousky  (1977)  indicate  that  such  a  change  in  relative 
density  corresponds  to  a  change  in  blowcount  value  of 
about  4  to  5  blows  per  foot.  Accordingly,  pre-earthquake 
blowcounts  in  the  hydraulic  fill  can  be  estimated  by  sub- 
tracting 4.5  blows  from  the  measured  post-earthquake 
values  as  performed  in  Table  68. 
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Figure  431.  Corrected  SPT  Blowcounts  for  Boreholes  Drilled  through  the  Upstream  and  Downstream  Shell  Zones 
of  Upper  San  Fernando  Dam 
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Figure  432.  Mean  and  Median  Corrected  SPT  Blowcount  Values  for  Layers  of  Hydraulic  Fill 
in  Upper  San  Fernando  Dam  (Non-Clayey  Soils  only) 


Table  66. 1971  Post-Earthquake  SPT  Blowcount  Data  (Non-Clayey  Soils) 


Material 

Elevation 
(feet) 

Mean  (A^i)6o. 
1971  Data 

Median  (A^i)6o. 
1971  Data 

No.  of 
Tests 

Rolled  Fill 

1195-1215 

22.0 

20.5 

6 

Hydraulic  Fill 

1170-1195 

14.5 

12.5 

34 

Hydraulic  Fill 

1157-1170 

17.5 

17.5 

17 

Hydraulic  FUl 

1145-1157 

16.5 

18.0 

21 

Alluvium/Sedimentary  Rock 

1090-1145 

43.5 

43.5 

34 

Table  67.  Computations  of  Earthquake-Induced  Vertical  Strains  in  Hydraulic  Fill 


Hydraulic  Fill 

Vertical 

Settlement 

Thickness 

Strain 

Borehole 

Station^ 

Location 

(feet) 

(feet) 

(%) 

A-2 

3  +  80 

Crest 

2.18 

45 

4.8 

B-2 

7  +  42 

Crest 

2.94 

48.5 

6.1 

C-5 

9  +  43 

Crest 

3.01 

48.5 

6.2 

_ 

6  +  50 

Crest 

2.68 

48.5 

5.5 

— 

83  +  75.944 

D/S 

2.07 

50 

4.1 

_ 

84+13.95^ 

D/S 

0.37 

53 

0.7* 

— 

85+13.85^ 

D/S 

1.45 

57 

2.5 

- 

85+16.92* 

D/S                             1.01 
measured  along  the  outlet  line.  All  other  stations 

38.5 
are  measured  along 

2.6 

^  Stations  with  a  ♦  symbol  are 

the  crest  (see  Figure 

421). 

•Denotes  this  monument  is  located  above  the  day  core. 

Table  68.  Determination  of  Average  Pre-Earthquake  SPT  Blowcounts 
in  the  Hydraulic  Fill  of  Upper  San  Fernando  Dam 


Elevation 
Interval 

(feet) 


Average  Post-EQ 
SPT  Blowcount 

(A^l)60, 


Blovt'count 
Change 


Estimated  Average 
Pre-EQ  SPT  Blowcount 

(A^l)60. 


1170-1195 
1157-1170 
1145-1157 


13.5 

-4.5 

17.5 

-4.5 

17.5 

-4.5 
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3.  POST-EARTHQUAKE  SLOPE  STABILITY  ANALYSES 


General 

Post-earthquake  slope  stability  analyses  were  performed 
to  develop  an  estimate  of  the  residual  shear  strength,  Sr  , 
of  the  hydraulic  fill  following  liquefaction.  The  basic  ap- 
proach was  to  assume  trial  values  of  Sr  within  the  lique- 
fied zones  and  determine  factors  of  safety  against  down- 
stream sliding.  The  estimated  value  of  Sr  would  be  that 
value  which  produced  a  factor  of  safety  of  unity,  corre- 
sponding to  being  barely  stable. 

Although  the  fill  did  develop  significant  lateral  move- 
ment and  the  appearance  of  slide  scarps  near  the  up- 
stream edge  of  the  parapet  crest,  the  movements  were 
limited  and  failure  of  the  dam  did  not  develop.  Conse- 
quently, the  conditions  following  the  earthquake  corre- 
spond to  a  factor  of  safety  somewhat  higher  than  unity. 
Thus,  back-calculations  assuming  a  factor  of  safety  of 
unity  underestimate  the  true  residual  strength  by  some 


amount.  However,  because  the  lateral  movements  of  be- 
tween 5  and  7  feet  correspond  to  shear  strains  of  at  least 
11  to  16  percent,  the  level  of  conservatism  is  probably 
low. 

Stability  Model  and  Parameters 

The  model  used  for  the  post-earthquake  stability  analy- 
ses was  developed  from  the  1971  borehole  information 
and  results  of  the  liquefaction  evaluation  conducted  by 
Seed  et  al.  (see  Figure  427).  Figure  433  shows  the  slope 
stability  model  divided  into  different  soil  zones.  The 
properties  used  to  model  the  different  zones  are  summa- 
rized in  Table  69. 

The  post-earthquake  shear  strengths  of  the  various  soil 
were  developed  using  the  following  assumptions: 

Rolled  Fill  (Zone  I):  The  rolled  fill  within  the  parapet 
crest  was  found  to  have  sustained  extensive  cracking. 
Consequently,  this  zone  was  assigned    zero    cohesive 
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Figure  433.  Post-Earthquake  Stability  Model— Upper  San  Fernando  Dam 


700 


800 


Table  69.  Soil  Properties  Assumed  in  Post-Earthquake  Slope  Stability  Analyses 
of  Upper  San  Fernando  Dam 


Material 

Density 
(pcO 

Strength 

Zone 

Cohesion 
(psO 

Friction  Angle 
(degrees) 

I 

Rolled  Fill 

130 

0 

30 

II 

Central  Clayey  Core 
Hydraulic  FUl 

122 

600 

0 

III 

Partially  Liquefied 

122  (a) 

0 

20.6 

Hydraulic  FUl-Sandi 

122(b) 

Sr 

0 

IV 

Liquefied  Hydraulic  Fill— Sand2 

122 

Sr 

0 

V 

Unsaturated  Hydraulic  FUl— Sand     122 

0 

37 

VI 

Alluvium 

129 

0 

37 

1  Saturated,  Compressive  Strain  Potential  <  5  percent 
2Saturated,  Compressive  Strain  Potential   >  5  percent 

strength  and  a  friction  angle  of  30  degrees  reflective  of 
this  condition. 

Saturated  Clay  Core  (Zone  II):  This  zone  was  assigned  an 
undrained  shear  strength  of  600  psf ,  which  was  developed 
from  the  numerous  torvane  test  performed  by  Seed  et  al. 
(1973)  on  tube  samples  of  clayey  fill  (see  Figure  434). 

Partially-Liquefied  Hydraulic  Fill  (Zone  III):  The  satu- 
rated portions  of  the  hydraulic  fill  with  compressive  strain 
potentials  of  less  than  5  percent  were  not  considered  to 
have  developed  complete  liquefaction.  Nevertheless, 
some  amount  of  excess  pore  pressure  and/or  strength 
losses  were  undoubtedly  sustained  in  these  zones.  To  ac- 
count for  this  strength  loss,  the  slope  stability  analyses 
were  performed  with  two  different  strength  assumptions. 
The  first  assumption  was  that  the  strength  in  this  material 
was  equal  to  half  of  the  drained  strength.  The  second  as- 
sumption was  that  this  material  had  a  strength  equal  to 
the  residual  shear  strength  in  the  completely  liquefied 


Liquefied  Hydraulic  Fill  (Zone  IV):  The  saturated  por- 
tions of  the  hydraulic  fill  with  compressive  strain  poten- 
tials of  5  percent  or  more  were  assumed  to  have  com- 
pletely liquefied  and  to  exhibit  only  a  residual  shear 


strength.  Different  trial  values  of  residual  shear  strength 
were  assumed  to  obtain  a  range  of  calculated  factors  of 
safety  against  sliding. 

Unsaturated  Hydraulic  Fill  (Zone  V):  The  full  drained 
strength  (<!>  =  37  degrees)  as  determined  by  Seed  et  al. 
(1973)  was  assigned  to  the  unsaturated  hydraulic  fill  soils. 

Foundation  Alluvium  (Zone  VI):  The  foundation  allu- 
vium was  determined  to  have  very  high  SPT  resistance. 
This  material  would  be  expected  to  retain  its  full  static 
strength  following  the  earthquake.  Accordingly,  this  ma- 
terial was  conservatively  assigned  a  friction  angle  of  37  de- 
grees with  no  cohesion  intercept. 

Determination  of  Residual  Shear  Strength 

Slope  stability  analyses  were  computed  using  an  IBM  PC 
version  of  computer  program  STABL,  which  employed 
the  Modified  Bishop  Method.  Figure  435  presents  fac- 
tors of  safety  determined  as  a  function  of  the  residual 
shear  strength  assumed  for  the  liquefied  zones.  Curves 
were  plotted  for  the  two  different  strengths  assumed  for 
the  partially-liquefied  hydraulic  fill  (Zone  III).  Based  on 
Figure  435,  the  residual  strength  of  the  liquefied  soil  (i.e. 
Zone  IV)  required  for  stability  (F.S.  =  1.0)  would  have  to 
be  between  500  and  700  psf,   depending  on  the  strength 
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Figure  434.  Upper  San  Fernando  Dam— Undrained  Shear  Strength  of  day  (after  Seed  et  al.,  1973) 
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Figure  435.  Residual  Shear  Strength  in  Liquefied  Zone,  Sr  (psf) 
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Figure  436.    Upper  San  Fernando  Dam,  Post-EQ  Stability  Analysis— Location  of  Critical  Failure  Surfaces 
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Figure  437.  Relationship  Between  Residual  Strength  and  Equivalent  Clean  Sand  Value  of  (,Ni)6o(  after  Seedet  al.,  1988) 


assumed  to  model  Zone  III.  The  minimum  residual  shear 
strength  for  the  liquefied  soil,  therefore,  is  approximately 
600  psf . 

Figure  436  shows  the  location  of  the  critical  failure  sur- 
faces. 

Comparison  of  Estimates  of  Residual  Strength 

for  Upper  San  Fernando  Dam 
with  Correlation  Developed  By  Seed  et  al.  (1988) 

The  previous  sections  estimated  the  undrained  residual 
shear  strength  for  the  liquefied  silty  sand  hydraulic  fill  of 
Upper  San  Fernando  Dam  to  be  approximately  600  psf. 
The  corrected  pre-earthquake  SPT  blowcount  for  the 


lower  elevations  through  which  sliding  would  take  place 
was  estimated  to  be  approximately  13. 

Presented  in  Figure  437  is  the  correlation  between 
equivalent  clean  sand  SPT  blowcount  and  residual 
strength  suggested  by  Seed  et  al.  (1988).  To  correct  silty 
sand  blowcounts  to  clean  sand  blowcounts,  Seed  (1987) 
suggests  increasing  the  actual  (A'^Oeo  blowcounts  by  small 
increments  depending  on  the  fines  content.  For  an  aver- 
age fines  content  of  approximately  25  percent  (see  Figure 
430),  the  blowcount  increment  is  2  blows  per  foot.  This 
would  make  the  equivalent  clean  sand  pre-earthquake 
blowcount  in  the  hydraulic  fill  shell  zones  equal  to  ap- 
proximately 15. 
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Figure  437  shows  that  the  estimated  residual  strength  for 
the  Upper  San  Fernando  Dam  hydraulic  fill  falls  near  the 
lower  bound  of  the  values  suggested  by  the  Seed  et  al. 
(1988)  correlation.  As  noted  previously,  this  result  con- 
tains some  degree  of  conservatism  due  to  the  fact  that  the 


Upper  San  Fernando  Dam  did  not  fail.  However,  this 
amount  of  conservatism  is  expected  to  be  small  in  light  of 
the  deformations  sustained  and  the  good  agreement  be- 
tween this  result  and  the  results  determined  for  Lower 
San  Fernando  Dam. 


4.  CONCLUSIONS 


The  work  presented  above  leads  to  the  following  determi- 
nations: 

1.  The  pre-earthquake  SPT  blowcounts  that  would 
have  been  measured  in  the  silty  sand  comprising  the 
hydraulic  fill  of  the  Upper  San  Fernando  Dam  would 
average  between  9  and  13  blows  per  foot. 


The  residual  shear  strength  of  the  liquefied  portions 
of  the  hydraulic  fill  was  estimated  to  be  between  500 
and  700  psf,  which  is  in  good  accord  with  the  lower 
bound  values  suggested  by  Seed  et  al.  (1988).  This 
result  is  also  in  good  accord  with  the  values  deter- 
mined for  the  similar  soils  in  Lower  San  Fernando 
Dam. 
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Figure  438.   Vicinity  Map—BidweU.  Canyon  and  Parish  Camp  Sadde  Dams 
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CHAPTER  VI.    SEISMIC  EVALUATION  OF  BIDWELL  CANYON 

AND  PARISH  CAMP  SADDLE  DAMS 

AND 

EFFECTS  OF  POSSIBLE  FAULT  MOVEMENTS 

IN  OROVILLE  PROJECT  DAM  FOUNDATIONS 


EXECUTIVE  SUMMARY 


Conclusions 


1.  Bidwell  Canyon  Saddle  Dam  and  Parish  Camp  Sad- 
dle Dam  would  perform  satisfactorily  during  earth- 
quake shaking  as  severe  as  the  Oroville  Reanalysis 
Earthquake  (a max  =  0.6^). 

2.  All  of  the  Oroville  Project  Dams  would  perform  sat- 
isfactorily if  the  postulated  fault  offsets  in  their  foun- 
dations were  to  occur. 

Background 

Bidwell  Canyon  and  Parish  Camp  Saddle  Dams  are  small 
embankments  that  help  retain  Oroville  reservoir  at  high 


elevations  (see  Figure  438).  Detailed  analytical  studies 
were  deemed  unnecessary  and,  therefore,  were  not  car- 
ried out  for  these  two  structures. 


Prior  to  the  1975  Oroville  Earthquake  (Ml  =  5.7) ,  the 
possibility  of  fault  movement  was  considered  nil  in  the 
foundations  of  the  Oroville  Project  Dams.  However, 
since  ground  cracking  was  associated  with  the  1975  earth- 
quakes, the  question  of  foundation  fault  movements  has 
been  reconsidered.  This  subject,  together  with  the  evalu- 
ation of  Parish  Camp  and  Bidwell  Canyon  Saddle  Dams, 
is  addressed  in  more  detail  in  the  following  sections. 


2.   SEISMIC  EVALUATION  OF  PARISH  CAMP  SADDLE  DAM 


Parish  Camp  Saddle  Dam  is  located  on  the  West  Branch 
arm  of  Oroville  Reservoir  approximately  12  miles  north 
of  Oroville  Dam  (see  Figure  438).  At  Parish  Camp  Sad- 
dle Dam,  the  lowest  original  ground  elevation  is  at  Eleva- 
tion 900  feet,  the  same  elevation  as  the  maximum  operat- 
ing pool  of  the  reservoir.  Therefore,  the  dam  retains 
water  only  during  rare  intervals  when  flood  operations 
raise  the  reservoir  above  this  level.  Throughout  its 
20-year  history  of  operation,  Oroville  Reservoir  has 
never  exceeded  Elevation  900  feet. 

Parish  Camp  Saddle  Dam  has  a  maximum  height  of  27 
feet  and  a  crest  length  of  270  feet,  and  is  constructed  of 
compacted,  clayey  soils.  The  foundation  consists  gener- 
ally of  moderately  weathered  to  decomposed  phyllite,  to- 
gether with  a  small  portion  of  relatively  dense  metavo- 


Icanic  rock  on  the  left  abutment.  The  weathered  phyllite 
has  a  fairly  high  clay  content.  Dams  built  of  and  on  similar 
materials  have  performed  well  during  strong  earthquake 
shaking  without  exhibiting  significant  strength  losses. 
Further  examination  of  the  performance  of  dams  com- 
posed of  similar  materials  and  exposed  to  similar  levels  of 
earthquake  shaking  show  that  the  maximum  permanent 
deformation  that  might  be  induced  in  the  Parish  Camp 
embankment  after  a  magnitude  6.5  earthquake  would  be 
between  1  and  6  inches  in  any  direction  (see  Seed  et  al., 
1978;  Tepel  et  al.,  1984). 

In  light  of  the  large  freeboard  and  good  stable  materials 
present  at  this  dam,  this  dam  would  be  expected  to  per- 
form satisfactorily  for  virtually  any  level  of  earthquake 
shaking. 


3.  SEISMIC  EVALUATION  OF  BIDWELL  CANYON  SADDLE  DAM 


General 

Bidwell  Canyon  Saddle  Dam  is  located  at  the  head  of  the 
Bidwell  Canyon  arm  of  the  reservoir  approximately  1.5 
miles  southeast  of  Oroville  Dam  (see  Figure  438).  The 
upstream  slope  (north  side)  contains  Oroville  Reservoir 
with  a  normal  pool  at  Elevation  900  feet  while  the  down- 
stream slope  (south  side)  holds  the  Miners'  Ranch  Reser- 
voir with  a  maximum  pool  at  Elevation  888  feet.  In  its 
20-year  history,  the  surface  of  Oroville  Reservoir  has 
never  exceeded  Elevation  900  feet.  The  plan  and  profile 
are  shown  in  Figure  439. 

Embankment 

Bidwell  Canyon  Saddle  Dam  consists  of  two  separate  em- 
bankments: the  Main  Dam  section  is  on  the  east  and  the 
West  Dam  section  is  on  the  west  (Figure  439).  The  Main 
Dam  was  constructed  on  top  of  the  existing  Miners' 
Ranch  Dike,  which  was  completed  in  1962.  The  com- 
bined height  is  47  feet  above  the  low  point  of  the  saddle. 
The  West  Dam  meets  the  Main  Dam  at  a  knoll  in  the  mid- 
dle of  Bidwell  Bar  Saddle  and  is  only  24  feet  above  the 
lowest  ground  elevation  in  the  west  saddle  (Figure  440). 


The  Main  Dam  was  built  as  a  zoned  embankment  match- 
ing the  existing  Miners'  Ranch  Dike  zoning,  which  has  a 
central  core  of  clayey,  gravelly  sand  (Zone  IB),  flanked  by 
Zone  2B  sand/gravel  transition  zones  and  Zone  3B  sandy 
gravel  shells.  A  stockpile  of  clean  cobbles  was  left  on  the 
upstream  side  of  the  dike  to  serve  as  the  the  toe  for  Bid- 
well  Canyon  Main  Dam. 

The  West  Dam  has  a  Zone  IB  core  of  clayey,  gravelly 
sand  flanked  by  Zone  IB/S  "shell"  zones  of  clayey  gravel 
and  an  upstream  Zone  2B  transition  and  Zone  3B  sandy 
gravel  layer.  In  essence,  it  is  a  protected  homogeneous 
dam.  A  1.5-foot-thick  drainage  blanket  within  the  down- 
stream section  at  Elevation  895  feet  contains  an  8-inch 
perforated  collector  pipe  that  drains  into  Miners'  Ranch 
Reservoir  through  an  8-inch  pipe. 

Impervious  borrow  for  the  inner  core.  Zone  IB,  was 
strongly  weathered,  decomposed  amphibolite  (sandy  clay 
to  clayey  sand).  The  outer  core  Zone  IB/S  came  from  the 
same  borrow  source,  but  it  was  the  deeper  and  slightly  less 
weathered  material  with  a  higher  rock  content,  and  classi- 
fied as  clayey  sand  to  clayey  gravel.  Table  70  presents  the 
level  of  compaction  achieved  during  construction. 


Table  70.  As-Built  Properties  of  Bidwell  Canyon  Saddle  Dam 

Dam 

Zone 

Relative* 
Compaction 

Number  of 
Tests 

Main 
West 

IB       (Core) 
2B       (FUter) 
3B       (Shell) 

IB       (Core) 
IB/S    (Shell) 
2B       (Filter) 
3B       (Shell) 

97.9 
97.2 
103.0 

96.0 
95.3 
100.5 
106.0 

17 
4 
9 

13 
10 
2 
2 

*DWR  Standard 

Zone  IB,  IB/S     20,000  ft-lb/fts 

Zone  2b,  3B          Vibrated  Maximum  Density 

-  567  - 
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Pervious  borrow  (Zone  3B)  came  from  several  nearby 
sources  including  rock  spoils  from  tunnel  excavation  and 
rejected  oversize  material  from  impervious  borrow  exca- 
vations. Filter  material,  2k)ne  2B,  was  composed  of 
dredger  tailings.  Zone  4B,  the  Main  Dam  downstream 
toe,  is  composed  of  clean,  coarse,  dredger-tailing  cob- 
bles. All  riprap  placed  on  the  dams  was  fresh,  hard,  and 
durable  metamorphic  rock.  Material  gradations  and  plas- 
ticity are  shown  in  Figures  441  through  443. 

Foundation 

Bidwell  Canyon  Saddle  Dam  is  founded  on  a  metavol- 
canic  rock  consisting  mainly  of  a  foliated  amphibolite. 
The  amphibolite  varies  considerably  in  the  degree  of 
weathering  throughout  the  foundation.  Fresh  exposures 


generally  are  dense  and  tough  with  a  dark  bluish  or  green- 
ish gray  color.  In  other  areas,  the  amphibolite  has  weath- 
ered to  a  reddish-brown  clayey  soil  (see  Figure  444). 


As  described  in  Project  Geology  Report  C-32,  the  foun- 
dation rock  contains  planes  of  nearly  vertical  foliation,  at 
one-inch  intervals,  which  strike  about  normal  to  the  dam 
axis.  There  are  several  narrow  shear  zones  mapped  in  the 
foundation  ranging  up  to  one-foot-wide  and  paralleling 
the  foliation  (see  Figure  445).  The  largest  shear  zone 
crossing  the  dam  foundation  is  located  on  the  right  abut- 
ment of  the  West  Dam.  The  foliation  in  this  shear  zone  is 
more  intense,  resulting  in  a  soft,  but  fresh  and  imperme- 
able, schist.  This  sheared  zone  is  approximately  20  feet 
wide. 
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Periodic  surveys  made  along  the  crest  of  the  dam  indicate 
more  settlement  at  the  West  Dam  than  at  the  Main  Dam. 
In  particular,  the  location  of  the  maximum  displacement 
coincides  with  the  large  shear  zone  discovered  during 
construction  at  the  West  Dam.  Profiles  of  these  settle- 
ments are  shown  in  Figure  446. 

When  Oroville  Reservoir  is  below  the  upstream  toe  of 
the  Main  Dam,  water  from  Miners'  Ranch  Reservoir 
seeps  through  the  foundation  and  surfaces  close  to  the 
upstream  toe  of  the  Main  Dam  embankment.  The  esti- 
mated seepage  is  about  10  gpm  on  the  average.  Much  of 
the  flow,  however,  is  probably  ground  water  seepage  from 
the  left  abutment.  During  extreme  drought  periods,  such 
as  in  1976-1977,  the  upstream  toe  has  standing  water  on 
the  ground  surface. 


Ground  cracking  and  displacements  from  the  August 
1975  Oroville  Earthquake  sequence  occurred  south  of 
Bidwell  Canyon  Saddle  Dam.  Initial  cracking  from  the 
earthquake  was  discovered  along  the  Swain  Ravine  Line- 
ament fault  zone  west  of  Cleveland  Hill  (see  Figure  447). 
A  year  later,  cracking  had  propagated  several  miles 
northward  and  was  discovered  only  1.3  miles  south  of  the 


Seismic    Evaluation 

It  has  been  postulated  that  the  shear  zone  in  the  founda- 
tion of  the  West  Dam  is  the  surface  expression  of  the 
Swain  Ravine  Lineament  fault  system.  This  would  mean 
that  the  Bidwell  Canyon  Saddle  Dam  would  be  about  the 
same  distance  as  Oroville  Dam  from  the  zone  of  energy 
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Figure  446.  Changes  in  Crest  Elevations  ofBidwell  Canyon  Saddle  Dam 


release  of  an  earthquake  on  the  Cleveland  Hill  Fault 
(i.e.the  zone  of  energy  release  would  be  only  a  few  miles 
beneath  the  dam).  Consequently,  an  appropriate  ground 
motion  for  use  in  re-analyzing  Bidwell  Canyon  Saddle 
Dam  is  the  Oroville  Reanalysis  Earthquake  which  pro- 
duces a  peak  ground  acceleration  on  rock  surfaces  in  the 
free  field  of  0.6g  (see  Chapters  HI  and  V  of  this  bulletin) 

A  key  assumption  in  the  seismic  evaluations  of  the 
Oroville  and  Thermalito  dams  was  that  the  compacted 
clayey  embankment  materials  would  perform  satisfacto- 
rily in  the  strong  earthquake  shaking  adopted.  This  as- 
sumption was  based  on  the  findings  of  Seed  et  al.  (1978) 
who  studied  the  historical  performance  of  dams  subjected 
to  strong  earthquake  shaking. 

This  assumption  is  equally  valid  for  Bidwell  Canyon  Sad- 
dle Dam.  Both  the  West  Dam,  composed  almost  entirely 


of  compacted  clayey  soil,  and  the  Main  Dam,  containing  a 
compacted  clayey  core  and  dense,  sandy  gravel  shells, 
would  be  expected  to  perform  satisfactorily  during  earth- 
quake shaking  as  strong  as  the  Oroville  Reanalysis  Earth- 
quake(amax  =0.6g)  without  exhibiting  significant  strength 
losses.  Examination  of  the  performance  of  dams  com- 
posed of  similar  materials  and  exposed  to  similar  levels  of 
earthquake  shaking  shows  that  the  maximum  permanent 
deformation  that  might  be  induced  in  the  Bidwell  em- 
bankments after  the  postulated  Magnitude  6.5  earth- 
quake would  be  between  1  and  6  inches  in  any  direction 
(see  Seed  et  al.,  1978;  Tepel  et  al.,  1984). 


In  light  of  the  large  freeboard  and  good  stable  materials 
present  at  this  dam,  this  dam  would  be  expected  to  per- 
form satisfactorily  for  virtually  any  level  of  earthquake 
shaking. 
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4.    EFFECTS  OF  POSSIBLE  FAULT  MOVEMENTS  ON  OROVILLE  PROJECT  DAMS 

Possible  Fault  Movements 

Estimates  of  maximum  credible  fault  displacement  in  the         ject  Geology  Chief,  J.  W.  Marlette,  to  Civil  Design  Chief, 
Oroville  area  are  presented  in  a  memorandum  from  Pro-  Ernest  C.  James,  dated  December  11,  1978: 

"This  memorandum  is  in  response  to  an  inquiry  from  Mr.  Bill  Hammond  on  the  amount  of  fault  dis- 
placement that  should  be  considered  for  reanalysis  of  various  structures  in  the  Oroville  Division.  Esti- 
mated amounts  of  displacement  cited  in  this  memorandum  should  be  considered  as  maximum  credible 
events  with  slight  probability  of  occurrence. 

"No  detailed  discussion  of  regional  geologic  conditions  and  tectonic  framework  is  made  herein.  For 
detail  on  geologic  environment,  see  Bulletin  203-78,  Chapter  III  'Geologic  Investigations.' 

"The  maximum  fault  displacement  expected  would  be  along  the  Swain  Ravine  Lineament  fault  zone. 
The  maximum  estimated  displacement  that  might  occur  along  this  fault  zone  is  estimated  to  be  15  cen- 
timetres (6  inches)  vertical  displacement  and  2.5  centimetres  (1  inch)  horizontal  extension  or  opening. 
The  15  centimetres  (6  inch)  vertical  displacement  is  derived  from  an  interpretation  made  by  Woodward- 
Clyde  Consultants  in  one  of  their  trenches  where  they  felt  there  was  1.5  feet  of  cumulative  displacement 
that  resulted  from  at  least  three,  and  possibly  more,  fault  movements  during  the  last  100,000  years.  This 
is  the  maximum  displacement  seen  in  the  Oroville  investigations  and  is  about  three  times  larger  than  the 
vertical  displacement  resulting  from  the  1975  Oroville  Earthquake.  Assuming  the  worst  case,  (displace- 
ment caused  by  only  three  movements),  this  suggests  an  average  of  15  centimetres  (6  inches)  vertical 
movement  for  each  occurrence.  The  2.5-centimetre  (1  inch)  opening  is  an  arbitrary  estimate  based  pri- 
marily on  approximately  average  2.5-centimetre  (1  inch)  openinp  along  ground  cracking  after  the  1975 
Oroville  earthquake.  We  think  it  unlikely  that  horizontal  opening  vvould  increase  much  with  somewhat 
greater  earthquake  and/or  vertical  displacement. 

"The  only  structure  that  would  be  affected  by  the  15-centimetre  (6-inch)  movement  is  the  Bidwell  Bar 
Canyon  Saddle  Dam.  Although  we  were  unable  to  trace  faulting  continuously  to  the  Bidwell  Bar  Can- 
yon Saddle  Dam,  we  are  making  a  worst-case  assumption  and  presume  the  shear  zone  uncovered  during 
the  foundation  excavation  at  the  west  end  of  the  dam  is  part  of  the  Swain  Ravine  Lineament  fault  sys- 
tem. Therefore,  the  15-centimetre  (6  inches)  vertical  displacement  and  2.5-centimetre  (1  inch)  hori- 
zontal opening  should  be  assumed  to  take  place  on  this  shear.  Attached  is  a  map  of  the  Bidwell  Bar 
Saddle  Dam  showing  the  location  of  the  shear.  We  do  not  envision  displacement  distributed  evenly 
throughout  the  shear,  but  instead  anticipate  it  would  be  localized  sharply  somewhere  within  the  shear. 

"It  is  possible  that  movement  along  the  Swain  Ravine  Lineament  fault  zone  could  be  accompanied  by 
sympathetic  movements  along  other  smaller  local  faults.  There  is  no  way  to  precisely  evaluate  how  large 
such  displacements  would  be  but,  intuitively,  they  should  be  smaller  than  displacements  along  the  main 
fault  zone.  We  estimate  sympathetic  movement  to  be  several  orders  of  magnitude  smaller  than  move- 
ments along  the  main  fault  zone  so  would  estimate  a  maximum  of  5  centimetres  (2  inches)  vertical  dis- 
placement and  2.5  centimetres  (1  inch)  horizontal  extension  or  separation.  Displacements  of  this  size 
might  take  place  underneath  the  main  Oroville  Dam  along  the  pre-existing  shears  and  faults  mapped  in 
the  foundation.  These  small  displacements  also  might  occur  along  any  faults  that  might  be  obscured  in 
the  bedrock  underlying  Thermalito  Af  terbay,  if  movements  were  to  occur  along  the  Prairie  Creek  Line- 
ament fault  zone  [Note:  this  was  meant  to  refer  to  Thermalito  Forebay  Dam  as  the  Prairie  Creek  Line- 
ament fault  zone  passes  near  the  Forebay  and  not  the  Afterbay].  It  should  be  emphasized  that  such 
displacements  in  the  bedrock  probably  would  not  be  propagated  up  through  the  soft,  younger  sedimen- 
tary deposits  overlying  the  bedrock.  Consequently,  displacement  at  the  surface  probably  would  consist 
of  slight,  almost  imperceptible  changes  in  ground  elevation. 


"For  all  other  structures  in  the  Oroville  Division,  which  have  small  faults  or  shears  in  their  foundations, 
displacements  would  be  very  small  compared  to  what  might  be  expected  along  the  main  Swain  Ravine 
Lineament  fault  zone.  Assume  2.5  centimetres  (1  inch)  vertical  movement  and  0.6-centimetre 
(1/4-inch)  horizontal  opening  for  analysis  of  these  structures. 

"The  above  estimates  of  fault  displacement  are  not  precise  —  in  fact,  they  should  be  regarded  as  conjec- 
tural. They  do  represent  our  opinion  of  the  worst  movement  credible  in  the  existing  tectonic  framework, 
as  we  understand  it  today.  The  estimated  future  displacements  are  larger  by  several  times  than  those 
produced  by  the  1975  Oroville  Earthquake." 


Before  addressing  the  possible  effects  of  fault  move- 
ments, it  is  important  to  re-emphasize  that  sympathetic 
movement  on  subsidiary  faults  is  less  likely  than  displace- 
ment on  the  primary  fault  (Swain  Ravine  or  possibly  Prai- 
rie Creek— see  Figure  447)  during  the  postulated  earth- 
quake, which  in  itself  is  a  very  unlikely  event.  However,  if 
such  sympathetic  movement  should  occur,  the  movement 


would  probably  be  normal  fault  displacement  on  north- 
south  trending  subsidiary  faults. 

A  further  description  and  clarification  of  the  ground 
cracking  that  might  be  associated  with  the  postulated 
fault  movements  was  provided  by  the  Special  Consulting 
Board  for  the  Oroville  Earthquake  in  its  letter  report 
dated  February  22,  1985: 


"In  its  report  of  January  14, 1981,  the  Board  noted  that  normal-fault  displacements  in  the  project  area 
'will  necessarily  be  associated  with  a  component  of  horizontal  extension  at  the  surface.'  In  saying  this, 
the  Board  did  not  mean  to  imply  that  horizontal  extension  would  be  caused  by  the  opening  of  significant 
tensile  cracks  in  the  bedrock,  but  only  that  shear  failure  on  a  dipping  bedrock  fault  plane,  with  the  foot- 
wall  relatively  raised  ,  would  necessarily  be  reflected  in  gross  horizontal  extension  at  the  surface.  Al- 
though such  shear  failure  at  depth  might  result  in  shallow  tensile  cracks  in  the  overlying  soils,  weathered 
materials,  or  artificial  embankments,  tensile  effects  would  not  extend  to  large  depths.  The  Board  does 
not  feel  it  to  be  appropriate  to  assume  significant  tensile  opening  of  fissures  in  bedrock,  such  as  is  cur- 
rently envisaged  by  the  Department  at,  e.g.,  Bidwell  Canyon  Saddle  Dam.  We  recommend  instead  that 
only  shear  failures  be  assumed  in  firm  bedrock,  with  possible  tensile  failure  being  limited  to  surficial 
materials." 


Evaluation  of  Possible  Effects 
of  Fault  Movements 

All  of  the  Oroville  Project  dams  are  predicted  to  perform 
satisfactorily  should  the  postulated  fault  displacements 
occur.  Individual  structures  are  addressed  below: 

Oroville  Dam 

The  Oroville  Dam  Core  is  composed  of  a  compacted, 
clayey  gravel  and  is  blanketed  by  wide  upstream  and 
downstream  transition  zones  composed  of  sand  and 
gravel.  The  width  of  each  transition  zone  ranges  from  10 
feet  near  the  crest  to  over  140  feet  at  the  foundation  level. 
Bracketing  the  transition  zones  are  large  gravel  shell 
zones  (8-inch  maximum  particle  size).  The  core  material 
is  not  highly  erodible  and  the  transition  and  drain  zones 
would  be  expected  to  prevent  progressive  erosion  follow- 
ing a  foundation  displacement  even  if  a  crack  opened 
through  the  core. 


Bidwell  Canyon  Saddle  Dam 

A  more  detailed  consideration  is  warranted  for  Bidwell 
Canyon  Saddle  Dam  because  predicted  fault  displace- 
ments are  the  greatest  for  this  structure  (6  inches  vertical, 
1  inch  horizontal  extension). 

The  Main  Dam  is  judged  to  be  satisfactory  since  it  has  ba- 
sically the  same  zoning  as  Oroville  Dam.  The  core  mate- 
rial is  not  highly  erodible  and  the  upstream  and  down- 
stream transition  and  drain  zones  would  be  expected  to 
prevent  progressive  erosion  should  a  crack  open  through 
the  core.  Further,  the  shear  zone  where  the  displace- 
ments are  being  postulated  lies  beneath  the  West  Dam 
and  not  the  Main  Dam. 

The  West  Dam,  however,  is  more  nearly  a  homogeneous 
cross  section  comprised  primarily  of  Zone  IB  and  Zone 
IB/S,  respectively  a  clayey  gravelly  sand  and  a  clayey 
gravel  (see  Figures  442  and  443).  Although  most  of  the 
foundation  is  composed  of  more  competent  material,  the 
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large  shear  zone  discovered  during  construction  contains 
both  silty  sand  and  sandy  silt  (Figure  448). 


The  amount  of  water  that  could  enter  the  shear  zone 
is  limited  for  the  following  reasons: 


Figure  449  shows  a  plan  view  of  the  shear  zone  found  in 
the  foundation  beneath  the  West  Dam.  As  previously  dis- 
cussed, this  shear  zone  has  been  postulated  to  be  the  sur- 
face expression  of  the  Swain  Ravine  Fault  System.  It  is 
assumed  that  the  worst  case  would  be  a  shallow  crack 
opening  along  this  line  in  the  foundation,  and  possibly  in 
the  base  of  the  embankment.  Based  on  the  Consulting 
Board's  recommendations  and  on  the  observed  cracking 
in  surface  soils  on  the  Cleveland  Hill  Fault  in  1975,  the 
largest  crack  that  can  be  envisioned  would  be  one  inch 
wide  and  a  few  feet  deep. 


•  As  shown  in  Figure  449,  the  upstream  end  of  the 
crack  would  daylight  on  the  right  abutment  at  ap- 
proximately Elevation  905  feet,  about  5  feet  above 
maximum  operating  reservoir  surface  (Elevation  900 
feet).  Along  the  right  abutment,  the  shear  zone  ex- 
tends upstream  and  uphill  and  is  above  reservoir 
level.  Consequently,  the  reservoir  does  not  have  di- 
rect access  to  the  shear  zone. 

•  One  possible  way  for  the  reservoir  water  to  enter  the 
shear  zone  would  be  seepage  through  the  foundation 
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Figure  450.  Cross  Section  AA  ofBidwell  Canyon  Saddle  Dam  Along  West  Dam  Shear  Zone  (see  Figure  449) 


rock  and/or  the  clayey  Zone  IB/S  embankment  ma- 
terial. As  both  materials  presumably  have  relatively 
low  permeabilities,  the  amount  of  water  which  could 
enter  the  crack  in  the  shear  zone  by  this  method 
would  be  minor. 

•  The  only  other  way  for  reservoir  water  to  enter  the 
shear  zone  would  be  through  a  subsidiary  crack 
through  the  clayey  Zone  IB/S  embankment  material, 
which  would  connect  the  crack  within  the  shear  zone 
to  the  reservoir.  Such  a  crack,  oriented  in  such  an  un- 
favorable manner,  would  be  highly  unlikely.  Further, 
if  such  a  crack  did  develop,  the  size  of  the  subsidiary 
crack  would  be  expected  to  be  several  times  smaller 
'.f  than  the  1-inch  opening  being  postulated  for  the 
shear  zone.  The  smaller  size,  in  relatively  non- 
erodible  clayey  gravel  and  at  small  head,  would  act  to 
limit  the  amount  of  water  which  could  be  introduced 
into  the  shear  zone  crack. 

*  In  the  very  unlikely  event  that  a  significant  amount  of 
water  could  enter  the  shear  zone,  it  should  be  noted  that 
the  crack  would  first  traverse  approximately  180  feet  of 
embankment  (see  Figures  449  and  450).  At  the  down- 
stream toe,  the  crack  would  be  at  the  898-foot  elevation 
berm  and  then  in  natural  ground  above  Elevation  900  feet 
for  a  further  distance  of  500  feet.  Altogether  the  crack 
would  be  680  feet  long  before  "daylighting"  at  Elevation 
900  feet  downstream.  Elevation  900  feet  is  the  nominal 
storage  elevation,  and  has  never  been  exceeded  in  the 
20-year  history  of  reservoir  operation.  Furthermore,  the 
surface  of  Oroville  Reservoir  has  exceeded  elevation  898 
feet  only  six  times,  for  a  total  cumulative  period  of  only  5 
months. 

Water  flowing  in  the  crack  would  have  a  gradient  that 
would  be  less  than  0.01.  Using  Mannings'  equation  for 
flow  in  an  open  channel,  the  velocity  calculated  for  a 
crack  of  the  size  described  was  found  to  be  less  than  0.5 
fps.  Permissible  velocities  in  unlined  canals  in  fine  sand 
are  generally  1.5  fps  (see,  for  example,  Handbook  of  Hy- 
draulics by  Brater  and  King).  If  the  crack  collapsed  or 
plugged  up  downstream  of  the  898  berm,  water  would 
flow  out  of  the  crack  and  spread  out  at  a  very  low  velocity 
across  the  898  berm.  Even  if  this  latter  behavior  should 
occur,  the  gradient  would  still  remain  at  about  0.01  or  less 
through  the  embankment,  and  the  velocity  within  the 
shear  zone  crack  would  also  remain  low.  Consequently,  it 
is  considered  extremely  unlikely  that  the  shear  zone  crack 


would  experience  velocities  high  enough  to  erode  the  silty 
soils  found  within  the  zone. 

In  light  of  the  above  reasoning,  if  the  postulated  cracking 
occurred  in  the  West  Dam  foundation,  the  possibility  of 
erosional  failure  of  the  dam  would  be  practically  nil. 

Parish  Camp  Saddle  Dam 

As  mentioned  previously.  Parish  Camp  Saddle  Dam  re- 
tains water  only  during  rare  intervals  when  flood  opera- 
tions raise  the  reservoir  above  Elevation  900  feet.  The 
foundation  is  composed  primarily  of  weathered  phylite, 
material  containing  a  fairly  high  clay  content.  Because 
reservoir  retention  is  relatively  rare,  foundation  and  em- 
bankment materials  not  highly  erodible,  and  the  maxi- 
mum credible  surface  crack  opening  is  so  small  (1/4  inch), 
the  expected  performance  of  this  structure  is  judged  to  be 
satisfactory. 

Thermalito  Diversion  Dam,  Thermalito  Fish  Bar- 
rier Dam,  and  Thermalito  Powerplant  Headworks 

These  dams  are  all  concrete  gravity  structures  founded  on 
rock  and  are  considered  capable  of  surviving  fault  dis- 
placements of  one-inch  vertical  offset  and  1/4-inch  ex- 
tension. 

Thermalito  Forebay  and  Aflerbay  Dams 

These  two  structures  are  compacted  clay  embankments 
built  on  alluvial  material.  The  sediments  beneath  these 
two  dams  vary  between  70  and  200  feet  thick.  Although 
the  previously  cited  Project  Geology  memorandum  states 
that  displacements  in  bedrock  probably  would  not  be 
propagated  up  through  sedimentary  deposits,  the  Con- 
sulting Board  called  to  our  attention  that  earthquake  dis- 
placements have  been  observed  at  the  ground  surface 
where  considerable  depth  of  alluvium  overlaid  bedrock. 
However,  it  should  also  be  noted  that  the  fault  displace- 
ments in  the  rock  at  depth  in  these  locations  were  prob- 
ably much  greater  than  the  1  to  2  inches  of  rock  displace- 
ment postulated  for  the  rock  surfaces  lying  at  depth  be- 
neath the  Thermalito  embankments.  Consequently,  the 
postulated  rock  displacements  are  not  anticipated  to 
propagate  through  the  alluvium  and  reach  the  surface. 

In  the  unlikely  event  that  the  minor  displacements  are 
propagated  to  the  surface,  the  following  considerations 
are  appropriate: 

•     The  predicted  fault  extension  in  rock  was  estimated 
to  be  one  inch  for  Thermalito  Forebay  and  1/4  inch 
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for  Thermalito  Afterbay.  The  extension  component 
could  not  cause  a  crack  or  opening  to  be  propagated 
to  the  ground  surface.  A  70  to  200-foot-deep  crack, 
open  one  inch  from  top  to  bottom  is  not  possible  in 
sediments  composed  of  layers  of  gravel,  sand  and/or 
clay. 


It  is  reasonable  to  assume  that  deformations  would 
propagate  to  ground  surface  -  but  reduced  from  the 


predicted  offset  in  base  rock.  This  could  lead  to  very 
small  shear  displacements  at  the  ground  surface. 

Since  Thermalito  Forebay  and  Afterbay  Dams  are  com- 
pacted clay  embankments,  they  should  accommodate 
very  small  foundation  displacements  with  at  most  very  mi- 
nor cracking  (small  fraction  of  an  inch),  which  would  not 
lead  to  progressive  erosion.  It  is  judged  that  these  dams 
would  perform  satisfactorily  for  the  postulated  fault 
movements. 
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APPENDIX  A 

REPORTS  PREPARED  BY  THE  SPECIAL  CONSULTING  BOARD 
FOR  THE  OROVILLE  EARTHQUAKE  BETWEEN  1979  AND  1989 


February  27,  1979 

Mr.  H.  H.  Eastln,  Chief 

Division  of  Operations  ?.nd  llaintsnancc 

Department  of  Water  Reoourceo 

P.   0.  Box  388 

Sacramento,   CA   95802 

Re:     Keview  of  Studleri   -  Geistnic  Safety  of  Thermalito  Afterbay, 
Forebay  and  Related  Structures 

rear  Mr.   Eastln: 

At  meetings  on  February  26  and  27,  3-979*  the  undersigned  members  of 
the  Special  Consulting  Board  for  the  Oroville  Earthquake  received 
briefings  from  Department  engineers  on  the  status  of  seismic  stability 
studies  of  certain  Xraturcs  of  the  Oroville-Thermalito  Reservoir  complex 
ot!;er  than  Oroville  Dam.  Studios  of  the  latter  had  been  completed  and 
are  In  process  of  being  pviblished  as  Department  Bulletin  203-7B.  The 
studies  currently  in  progress  principally  address  conditicnr.  applicable 
to  features  of  Thermalito  Forebf»y  and  Afterbay.  The  basic  thrust  of 
the  follov/inf;  comments  is  intended  to  be  supportive  of  an  early 
completion  of  the  Department's  studies,  and  thereupon  a  development  of 
the  Department's  conclusions  as  to  adequacy  of  the  existing  construction, 

A  list  of  DWR  participants  in  the  meetings  is  presented  on  attached 
sheets . 

Qu'-'BUion  No.  1.  Doeo  the  Board  agree  with  the  tentative  cone lus loos  of 
the  studies  presented? 

Response .  The  Board  was  much  interested  in  the  progress  v;hich  has  been 
made  In  additional  testing  and  analyses  of-  foundation  co.ndltions  under 
the  Thermalito  Afterbay,  the  Thermalito  Forebay,  and  the  Thermalito 
Pcwerplant  headworks  structure.  Much  detailed  viork  has  been  done  ana 
v.'as  reported  upon.  The  Board  believes,  however,  that  before  final 
conclusions  can  be  drawn,  the  stress  and  strength  comparisons  should  ail 
be  based  on  the  condition  of  existing  foundation  loadings;  that  is,  with 
the  embankments  in  place;  and  that  the  results  of  these  additional 
analyses  should  be  the  basis  for  the  conclusions  to  be  drav.n.  The  Board 
Villi   be  interested  to  review  the  resulting  conclusions. 

In  the  interim,  while  there  is  need  for  further  study  of  foundation 
conditions  under  the  Afterbay  D..m,  particularly  at  Site  1,  the  Board 
considers  that  it  would  be  prudent  to  minimize  operation  of  the  Afterbay 
reservoir  above  El.  128,  and  to  set  some  elevation  above  which  no 
opci-atlon  will  go. 

The  latter  conclusion  is  based  on  the  Board's  present  understanding  of 
the  following  operating  conditions: 

1.  All  ii-rlgation  service  outlets  can  be  served  from  a  minimum  Afterbay 
reservoir  level  of  El,   124. 

2.  Contracturally,  pump-back  to  the  Forebay  is  required  at  any  time, 
but  this  mode  of  operation  is  r?i'ely  used.   Hence,  no  significant 
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practical  loss  would  result  from  restricting  pump-back  from  Thermallto 
Aftcrbay, 

3.  River  regulation  requires  availability  of  l8,000  to  20,000  acre-feet 
of  Afterbay  or  Forcbay  storage,  particularly  over  weekends. 

The  capacity  of  the  Afterbay  at  El.  124  is  15,157  acre-feet.  The 

capacity  at  El.  128  is  25,lo2  acre-feet.  The  capacity  at  El.  131  is 

35,555  acre-feet.  The  difference  between  the  capacity  at  El.  124  and 
El.  131  is  20,398  acre-feet. 

By  operating  the  Forebay  so  as  to  use  8,000  acre-feet  of  its  capacity 
for  re-regulation,  and  accepting  18,000  acre-feet  as  the  combined 
storage  for  re-regulation,  operation  of  the  Afterbay  reservoir  could  be 
held  below  El.  128  without  significant  operating  hardship. 

Question  2.  Does  the  Board  have  any  suggestions  or  comments  concerning 
the  studies? 

Response.   1.  Seismic  Stability  Studies 

After  consideration  of  the  Department's  presentations  of  the  effects 
of  estimated  variations  in  the  several  input  parameters  utilized  in 
the  dynamic  stress  analysis  of  the  Afterbay  Dam,  the  Board's  reaction 
is  that  a  very  conservative  approach  has  been  adopted  for  eoch  parametei'. 
There  is  always  a  practical  question  in  such  an  approach  whether 
conservatism  may  unconsciously  be  pyramided  to  unnecessary  levels. 
Our  comments  are  detailed  under  subsection  3  below. 

A  most  important  detail  of  the  stability  analysis  may  be  the  estimated 
dynamic  shear  strength  of  the  foundation  sands.  For  the  purposes  of 
preliminary  analysis  to  date,  this  parameter  has  been  based  on  cyclic 
tests  on  isotropically  consolidated  sand  samples.  The  construction  of  the 
embankment,  and  the  imposition  of  reservoir  loading  on  the  embankment, 
however,  introduce  shear  stresses  in  the  foundation  which  may  well  be  of 
such  magnitude  as  to  Justify  the  adoption  of  dynamic  shear  strenghts 
based  on  anisotropic  loading  conditions.  As  illustrated  in  the  Department' 
July  1966  report  on  this  subject,  even  a  modest  level  of  anisotropic 
consolidation  is  sufficient  to  double  the  estimated  dynamic  shear  strength 
of  the  sand. 

Accordingly,  the  Board  considers  that  it  would  now  be  advisable  to  prepare 
a  finite  element  analysis  of  stresses  applicable  to  site  TAS-1,  from 
v;hich  appropriate  consolidation  ratios  (K^)  prio"*  to  earthquake  loading 
could  be  plotted  as  a  contour  chart.  This  information,  when  utilized 
together  with  the  relationship  of  dynamic  streivgth  to  K^  illustrated, 
for  example,  in  Fig.  I9  of  the  July  I966  report,  would  then  provide  an 
improved  basis  for  estimating  overall  stability  of  the  postulated  potential 
sliding  wedge  of  Thermallto  Aftci'bay  embankment-plus-foundation.  For- 
best  confirmation  of  dynamic  strength  values  under  anisotropic  loading 
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conditions,  v/e  recommend  maklnc  a  few  more  borings  at  Site  1,  taking 
undisturbed  samples,  and  testing  the  samples  under  an  appropriate  range 
of  anisotropic  loading. 

2.  Foundation  Displacements  During  Seismic  Events 

Studies  to  evaluate  the  potential  effect  of  foundation  displacements  on 
structures  of  the  project  have  been  based  on  qualified  Judgement  by 
the  Department's  geologic  staff  concerning  maximum  fault  displacements. 
The  maximum  movements  postulated  are  six  inches  vertical  displacement 
and  one  inch  horizontal  extension  along  the  Swain  Ravine  Lineament, 
That  fault  trends  tov/ard  Bldwell  Canyon  Saddle  Dam,  but  could  not  be 
traced  continuously  to  the  dam.  A  shear  zone  at  the  west  end  of  the 
dam  was  mapped  during  construction,  and  a  worst  case  assumption  was  made 
that  these  maximum  displacements  could  occur  at  that  location.  It  v»as 
also  assumed  that  sympathetic  movement  could  occur  along  other,  small, 
local  faults  in  the  vicinity  of  Oroville  Dam;  movements  postulated  are 
two  inches  vertical  and  one  inch  horizontal.  For  all  other  areas  of  the 
project  including  the  Forebay  and  Afterbay  which  have  small  faults  and 
shears  in  some  structure  foundations,  displacements  at  bedrock  level  are 
postulated  to  be  one  inch  vertical  and  one-quarter  inch  horizontal 
extension.  The  geologist's  qualification  was  that  these  estimates  are 
conjectural  and  Imprecise.  The  Board  agrees  in  this  qualification; 
however,  we  believe  that  the  Judr,ements  are  sufficiently  conservative, 
in  view  of  all  data  available.  Evaluations  of  structures  under  these 
postulated  displacements  have  not  been  completed]  however,  data 
presented  and  tentative  conclusions  discussed  indicate  that  the  maximum 
foundation  movements  could  be  safely  accommodated  by  th6  structures. 

3.  Pai^ameters. 

Several  conservatisms  have  been  introduced  into  the  analysis  of  the 
Afterbay  Dam.   In  addition  to  the  very  conservative  earthquake  motions 
assumed  for  this  modest  structure,  it  appears  that  factors  in  addition 
to  those  discussed  above  that  have  a  high  degree  of  conservatism  include: 
(1)  use  of  ko  values  that  may  be  high  for  the  materials  they  represent, 
and  (2)  assumption  that  5Jg  strain  is  the  upper  bound  permissible. 
Although  the  Board  encourages  that  these  analyses  be  conservative,  it  also 
cautions  that  dompounded  conservatisms  can  result  in  unrealistic  answers. 
The  Board  recommends  that  the  Department  objectively  review  those  areas 
of  the  analysis  where  Judgements  have  been  made,  particularly  those 
Judgements  which  have  great  sensitivity  in  the  final  conclusions  of  the 
analysis.  Values  and  assumptions  used  in  the  analysis  should  be  as 
realistic  as  possible  and  should  represent  the  actual  conditions  as 
closely  as  possible. 

Question  3.  Does  the  Board  have  any  other  comments  or  recommendations 
to  make  at  thla.timo? 
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Response.   1.   Continuing  Studies . 

The  Board  would  be  interested  to  be  furnished  a  list  of  the  physical 
and  analytical  work  which  rerinlns  to  be  done  before  definitive  conclusions 
can  be  drawn  and  the  amount  of  time  and  the  schedule  required  to 
accomplish  It, 

2.  Possible  Remedial  Measures. 

Pending  implementation  of  possibly  needed  remedial  measures,  the  Board 
considers  that  an  interim  decision  to  limit  the  Afterbay  levels  to 
elevations  below  El.  128,  except  for  unusual,  very  short  time  situations, 
would  be  prudent. 

In  rceard  to  possible  structural  modifications  of  the  Afterbay  or 
Forcbay  Dams,  it  seems  premature  to  offer  comments  until  the  Department 
has  arrived  at  definite  conclusions  that  modifications  are  indicated 
to  be  advisable. 

Tn  regard  to  the  several  subsidiary  structures  on  which  we  were 
br.lGfed,  such  as  the  Afterbay  "iver  Outlet,  ^^idwell  Canyon  Dam, 
and  Parish  Camp  Dam,  wh  tend  to  chare  the  tentative  opinions 
expressed  to  us  thnt  no  important  deficiencies  relative  to  seismic 
stability  or  foundation  displ^tcements  -are  evident,  and  hence  that 
no  modifications  will  be  needed. 


Respectfully  submitted: 
Wallace  L.  Chadwick  \ 


Thomas  M.  Leps 


ri  L.  O'Will 


Members,  Board  of  ^Consultants 
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21  June  1979 

Mr.  Gordon  W.  Dukleth,  Chief 
Division  of  Design  and  Construction 
Department  of  Water  Resources 
Sacramento,  California 

REPORT  ON  THERMALITO  AFTERBAY  SEISMIC  SAFETY  ANALYSIS  A>^D  CEDAR  SPRINGS  SEISMIC 

SAFETY  ANALYSTS'  '  ~~^ 

The  Special  Consulting  Board  for  the  Oroville  Earthquake  met  in 
Sacramento  on  May  24  and  25,  1979.  DWR  personnel  gave  presentations  on 
studies  that  have  been  made,  or  are  underway,  on  the  seismic  and  geologic 
setting,  and  on  the  seismic  safety  analysis  of  Thermal ito  Afterbay  Dam. 
A  presentation  was  also  made  on  Thermal ito  Afterbay  operations.  The 
Board's  answers  to  specific  questions  are  as  follows: 

Thermal ito  Afterbay  Dam 

Question  #1.  What  earthquake  ground  motion  does  the  Board  recommend 
for  the  seismic  safety  analysis  of  Thermal ito  Afterbay  Dam  and  foundation? 

Answer.  Because  insufficient  information  is  presently  available  on 
the  soil  and  rock  beneath  the  Dam,  the  Board  is  not  able  to  recommend  a 
specific  ground  motion  at  the  base  of  Thermal ito  Afterbay  Dam.  The  nature 
of  such  motion  will  be  influenced  by  the  properties  of  the  underlying  soil 
and  rock,  hence,  the  characteristics  of  this  material  must  be  determined 
before  appropriate  ground  motion  at  the  base  of  the  Dam  can  be  developed. 
However,  as  a  guide  to  DWR  personnel,  the  Board  makes  the  following  statement: 
If  the  Afterbay  Dam  were  founded  on  rock,  the  Board  would  recommend  a  free- 
field  surface  ground  motion  of  about  three-quarters  the  Reanalysis  Earth- 
quake accelerogram.  However,  it  is  founded  on  deep  alluvium. 


586 


-2- 


The  Board  feels  that  useful  information  might  also  be  obtained  if  DWR 
made  a  preliminary  seismic  safety  analysis  using  the  N-S  component  of  the 
El  Centro,  1940  accelerogram  as  the  free-field  surface  ground  motion  at  the 
Afterbay.  This  accelerogram  was  recorded  four  miles  from  the  causative  fault, 
and  the  El  Centro  earthquake  had  a  magnitude  somewhat  greater  than  the 
Reanalysis  Earthquake. 

Question  w2.  Does  the  Board  have  any  comments  on  the  studies  completed 
to  date  on  the  seismic  stability  of  Thermal i to  Afterbay  Dam? 

Answer.  The  extensive  studies  completed  to  date  have  been  performed  with 
diligence  and  are  certainly  worthwhile;  however,  the  Board  believes  that  a 
number  of  questions  concerning  input  parameters  to  the  analysis  need  to  be 
answered  before  the  results  can  be  accepted  with  confidence.  Specifically, 
in  the  analysis  two  parameters  of  great  sensitivity  to  the  end  results  are 
the  ground  motions  which  \,'ould  occur  aL  the  ground  surface  and  the  shear 
modulus  of  tht  deep  soil  column  beneatli  the  Dam,  A  better  understanding  of 
the  deep  soil  column  properties  would  permit  a  more  specific  response  to 
questions  regarding  input  ground  motions  and  would  also  permit  selection  of 
shear  modulus  values  with  a  greater  degree  of  confidence.  The  Board  is 
aware  that  additional  costs  would  be  incurred  if  further  explorations  were 
made  to  obtain  the  necessary  information.  As  long  as  the  Department  and  its 
contractors  are  willing  to  operate  the  reservoir  under  the  current  restric- 
tions, there  is  no  urgency  to  perform  those  explorations.  However,  when  the 
Department  determines  that  full  reservoir  operation  is  desirable,  it  will  be 
necessary  to  make  deep  borings  as  described  later  in  this  report, 
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Question  #3.  Does  the  Board  have  any  other  comments  or  recommendations 
to  make  at  this  time? 

Answer.  The  Board  considers  that  the  studies  so  far  made  are  not 
sufficient  to  permit  a  firm  conclusion  to  be  drawn  as  to  the  earthquake 
safety  of  the  Dam  at  full  reservoir.  Accordingly,  it  would  seem  that  at 
least  two  options  are  available,  as  follows: 

a)  The  Department  could  indefinitely  defer  the  fairly  expensive  ad- 
ditional exploration  and  study  which  we  visualize  to  be  an  essential 
element  of  a  convincing  analysis,  and  consequently  would  be  required  to 
continue  operation  of  the  Afterbay  at  substantially  reduced  levels  for  the 
indefinite  future.  Based  on  the  limited  information  presently  available, 
operating  at  reservoir  levels  between  elevations  124  and  131,  as  currently 
adopted,  is  considered  to  be  reasonably  safe. 

b)  Further  investigations  of  study  parameters  could  be  undertaken 
with  the  objective  of  developing  improved  analytic  evaluations  of  the 
seismic  safety  of  the  dam.  If  this  course  is  adopted,  the  Board  recommends 
that  it  include  the  following  items, 

1.  At  least  one  deep  boring  of  about  500  ft  should  be  made  at 
Test  Site  1,  with  the  primary  objective  of  obtaining  in  situ 
measurements  of  shear  wave  velocity  at  all  depths.  These  data 
are  needed  to  provide  a  supportable  basis  for  estimating  the 
shear  modulus  parameter  y^pmax  ^'^'^^^^   ""^  °"^  o^  ^^^  most  un- 
certain parameters  in  the  analysis  made  to  date.  It  v/ould 
undoubtedly  be  valuable  to  expand  this  program  to  include  two 
additional  holes  of  similar  depth,  located  at  distances  of 
about  200  ft  on  each  side  of  the  initial  boring. 
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2.  Install  two  seismic  sensors  in  one  of  the  deep  borings,  one 
at  the  bottom  and  one  at  the  top,  together  with  recording 
equipment  which  would  be  capable  of  evaluating  ground  acceler- 
ations at  the  two  depths  for  even  moderate  seismic  events.  The 
purpose  would  be  to  obtain  in  situ  verification  of  the  relation- 
ship at  this  site  between  the  bottom  level  and  the  ground 
surface  level  earthquake  motions,  perhaps  in  the  near  future. 

3.  Install  a  strong-motion  accelerograph  at  an  appropriate  location 
along  the  N-S  leg  of  the  Afterbay  Dam  near  the  downstream  toe 

of  the  Dam.  This  v/ould  extend  the  present  strong-motion  accel- 
erograph instrumontaion  to  a  pertinent  location  on  deep  alluvium. 

4.  Make  at  least  five  borings  through  the  crest  of  the  dam,  opposite 
the  borings  made  recently  near  the  downstream  toe,  to  obtain  a 
comparison  between  SPj^  values  under  the  dam  and  those  obtained 
previously  in  the  downstream  area.  The  new  borings  should 
probably  be  near  Test  Site  1  and  should  extend  about  40  ft 
below  the  base  of  the  Dam.  The  purpose .would  be  to  determine 
whether  the  embankment  loading  has  densified  the  shallow  sands 

r 

appreciably  and  thereby  increased  the  SP-ft  values. 

5.  Make  an  evaluation  of  the  dynamic  shear  characteristics  of  the 
silty  Columbia  soil  underlying  the  eastern  end  of  the  E-W  leg 
of  the  Dam.  If  undisturbed  samples  for  cyclic  shear  testing 
cannot  practicably  be  recovered  from  open  test  pits,  appropriate 
borings  sliould  be  made.  The  purpose  of  the  sampling  and  testing 
would  be  to  verify  the  present  assumption  that  this  material  has 
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superior  strength  in  comparison  to  that  of  the  clean  sands  at 
Test  Site  1. 

6.  Following  collection  and  evaluation  of  basic  data  from  the  fore- 
going (except  2  and  3)  and  the  final  establishment  of  an  appro- 
priate Reanalysis  Earthquake  for  Thermal ito  Afterbay,  final 
computations  of  foundation  liquefaction  tendency  at  Site  1 
should  be  made,  in  the  general  manner  utilized  in  the  studies 

at  this  meeting.  This  evaluation  together  with  all  supporting 
assumptions  and  data  should  be  submitted  to  the  Board  for 
comment. 

7.  The  Board  was  presented  the  results  of  analyses  to  determine  the 
factors  of  safety  for  a  Site  1  sand  layer  under  various  accel- 
erations using  a  ten  cycle  exposure  and  10%  strain  for  both 
undisturbed  and  remolded  samples.  The  Board  believes  that  it 

is  desirable  to  supplement  these  analyses,  if  possible,  by 
analyses  using  strengths  indicated  by  in  situ  blow  counts,  as 
further  evaluated  by  the  additional  testing  suggested  in  item 
4  above. 
The  seismic  safety  analysis  of  the  Thermal  ito  Forebay  Dam  v/as  not  con- 
sidered at  this  meeting.  It  is  understood  that  this  will  be  presented  to  the 
Board  at  a  later  date. 

CEDAR  SPRINGS  DAM 

The  Board  v/as  also  given  a  presentation  by  DWR  personnel  on  the  seismic 
and  geologic  setting,  and  the  seismic  safety  analysis  of  Cedar  Springs  Dam. 
The  answers  to  specific  questions  about  the  seismic  safety  anslysis  of 
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Cedar  Springs  Dam  are  as  follows: 

Question  SI.     What  earthquakes  should  be  considered  in  the  seismic 
safety  analysis  of  Cedar  Springs  Dam,  and  what  test  accelerograms  are 
recommended  for  the  dynamic  analysis? 

Answer.  The  Board  recommends  that  two  earthquakes  be  considered  in 
the  seismic  safety  analysis  of  Cedar  Springs  Dam:  1)  A  magnitude  8+  event 
should  be  assumed  to  be  centered  on  the  San  Andreas  fault  at  its  closest 
point  to  the  Dam.  For  the  dynamic  analysis,  either  of  the  two  test  accel- 
erograms previously  specified  by  the  Board  for  structures  close  to  the 
San  Andreas  fault  should  be  used.  2)  A  magnitude  6*5  local  event  should  be 
considered  on  a  fault  close  to  the  Dam.  The  test  accelerogram  for  this 
earthquake  should  be  the  same  as  that  proposed  earlier  by  the  Board  for 
the  reanalysis  of  Oroville  Dam.  Additionally,  it  is  accepted  that  this 
ground  shaking  may  be  accompanied  by  up  to  throe  feet  of  surficial  shear  dis- 
placement in  any  direction  on  a  fault  through  the  Dam  foundation. 

The  Board  would  feel  more  confident  in  the  assignment  of  design  param- 
eters for  the  local  earthquake  if  the  geologic  relationships  were  better 
understood  between  the  faults  traversing  the  foundation  and  other  nearby 
structures  such  as  the  Cleghorn  fault.  In  this  regard,  we  remind  the 
Department  of  the  Board's  recommendation  of  April  8,  1965,  that  "a  high- 
quality  detailed  geologic  map  of  the  reservoir  area  be  completed  as  soon 
as  possible. 

Question  #2.  Does  the  Board  have  any  other  comments  or  recommenda- 
tions to  make  at  this  time? 

Ansv/er.  The  Board  was  shown  a  diogram  illustrating  the  slip  circle 
cor\sidercd  to  be  critical  and  which  was  used  in  analyzing  the  safety  of 
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Cedar  Springs  Dam  by  the  pseudo-static  loading  method.  It  was  noted  that 
this  circle  crosses  the  downstream  filter,  the  core  and  the  upstream  transi- 
tion Into  the  foundation.  Including  rocks  of  the  Harold  -formation.  It  is 
questioned  whether  this  circle  is  the  most  critical.  It  Is  understood 
that  other  circles  and  wedges  were  also  analyzed  and  the  Board  v/ould  be 
interested  to  learn  the  results  of  an  analysis  of  a  wedge  through  the 
upstream  sand  and  gravel  transition  and  the  sand  and  gravel  drain  blanket 
under  the  upstream  shell.  The  Board  recommends,  however,  that  before 
reliance  is  placed  on  safety  factors  determined  as  discussed  above,  con- 
sideration be  given  to  other  methods  of  analysis  now  current  in  the  technology. 

The  recommendations  presented  in  this  report  supersede  those  of  previous 
reports. 


Bruce  A.  Bolt 


z. 
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Clarence  R.  Allen 


George  W.  Housner,  Chairman 


Thomas  M.  Leps 
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Wallace  L.  Chadwick 


\  Allen  L.  O'Neill 
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GEOKOK  W-.  IIOUSNEU 
1201  EAST  CALIFORNIA  DLVO. 
PASADENA.  CALIFORNIA   91123 

August  14,  1980 


Mr.  Gordon  W.  Dukleth,  Chief 
Division  of  Design  and  Construction 
Department  of  Water  Resources 
P.O.  Box  388 
Sacramento,  California  95802 


Dear  Mr.  Dukleth: 


Subject:  Seismic  Analysis  of  Thermal ito  Afterbay 
Dam  and  Foundation 


The  committee  on  Thermal  ito  Dam  has  reviev/ed  the  draft  copy  of  the 
section  "Design  Earthquake"  of  the  Thermal ito  Afterbay  Dam  -  Evaluation 
of  Seismic  Stability  Report.  The  following  steps  are  planned  for  the 
analysis: 

(1)  A  surface  ground  motion  having  0.35g  peak  acceleration  will  be 
specified  for  the  ground  surface  in  the  vicinity  of  Thermal ito  Dam.  This 
ground  motion  will  be  in  the  form  of  magnitude  6.5±  earthquakes. 

(2)  A  corresponding  base  rock  motion  will  be  determined  at  depth  so 
that  when  this  is  used  as  input  the  calculated  surface  motion  will  re- 
produce the  specified  0.35g  recorded  accelerogram.  The  stresses  and 
strains  in  the  materials  beneath  the  surface  of  the  ground  will  be 
calculated  and  the  ability  of  the  soil  to  survive  under  these  deforma- 
tions will  be  analyzed. 

(3)  The  same  base  rock  input  motion  will  be  used  to  excite  a  soil 
column  beneath  the  dam,  including  the  dam  overburden.  The  calculated 
stresses  and  strains  will  then  be  used  to  determine  the  ability  of  the 
soil  material  to  survive. 

The  Committee  feels  that  the  foregoing  is  an  appropriate  method  of 
analyzing  the  ability  of  the  soil  material  to  survive  the  dynamic  stresses 
and  strains.  Several  ground  surface  accelerograms  should  be  used  in  the 
analysis,  and  one  of  these  should  be  a  record  obtained  on  relatively  hard 
ground. 


Yours  truly, 

GfeORGE  W.  HOUSNER,  Chairman 
Committee  on  Thermal ito  Dam 


^^.^,^  /^t^^— 


GWH:md 

cc:  Committee  Members 
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14  January  1981 

Mr.  Gordon  W.  Dukleth,  Chief 
Division  of  Design  &  Construction 
Department  of  Water  Resources 
Sacramento,  California  95802 

Re-:  Supplement  to  Bulletin  203-78 

The  Special  Consulting  Board  for  the  Oroville  Earthquake  met  in  the 
Department  offices  in  Sacramento  January  8  &  9,  1981.  The  purpose  of 
the  meeting  was  to  review  with  your  staff  the  basis  for  their  drafts  of 
chapters  11  through  15  of  Supplement  to  Bulletin  203-78  presenting  results 
of  the  August  1,  1975  Oroville  Earthquake  Investigations.  The  Board 
appreciated  your  attendance  at  the  sessions. 

The  Board's  comments  on  the  five  principal  features  which  were 
presented  are  covered  separately  in  tlie  following  sections: 

1.  Thcrmalito  Afterbay  Dam  Concrete  Structures  Seismic  Evaluation. 

The  Board  has  reviewed  the  draft  of  chapter  13  of  the  supplement 
to  Bulletin  2-3-78,  and  was  given  a  presentation  on  the  seismic  analyses 
of  these  structures.  Pseudo-static  analyses  of  the  structures  were  made 
for  a  lateral  force  coefficient  of  0.3,  (equivalent  to  a  constant,  hori- 
zontal acceleration  of  0.3g)  under  combined  earthquake  and  gravity  loads. 
In  general,  the  calculated  stresses  are  below  yield  point  in  the  re- 
inforcing steel  and  below  allowable  stresses  in  concrete.  The  only 
locations  where  relatively  high  stresses  were  found  in  reinforcing  steel 
were  in  the  lower  portion  of  the  tension  sides  of  the  counterforts 
supporting  the  side  walls  of  the  gate  structure.  At  those  locations 
the  maximum  calculated  tensile  stress  was  1.5  times  the  yield  -stress, 
but  did  not  exceed  the  ultimate  stress,  assuming  a  cracked  section.  It 
was  concluded  that  this  would  mean, that  in  a  dynamic  stress  condition, 
as  distinguished  from  a  static  condition,  the  concrete  would  probably 
crack  and  the  reinforcing  bars  v/ould  undergo  some  permanent  extension, 
but  the  structure  would  not  collapse  and  it  would  be  in  a  repairable 
condition. 

The  Board  considers  these  analyses  to  be  appropriate  for  exhibiting 
the  seismic  resistance  of  the  structures  and  agrees  that  their  earthquake 
resistance  is^  satisfactory.  The  draft  report  does  not  contain  any  infor- 
mation on  the  foundation  conditions  of  these  structures  and  the  Board 
recommends  that  this  be  added  to  the  report. 

2.  The  Thermal i to  Povver  Plant  Headworks  Structure. 

This  is  a  concrete  gravity  section  with  many  openings  for  the  passage 
and  control  of  flowing  water.  The  complex  structure  has  been  analyzed  for 
a  M5.5  earthquake  centered  about  four  miles  away,  as  previously  recommended 
by  the  Special  Consulting  Board.  Professor  A.  K.  Chopra,  under  contract  to 
the  Department,  determined  the  lateral  earthquake  forces  using  advanced 
technology  which  included  the  dynamic  properties  of  tlie  system  at  various 
water  levels  and  various  values  of  the  modulus  of  elasticity  of  concrete. 
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The  dam  monolith  was  idealized  as  a  finite  element  system  and  hydro- 
dynamic  effects  were  included.  The  Chopra  report  provided  lateral  forces 
applied  to  various  units  of  the  structure.  The  Department  staff  evaluated 
the  stresses  in  the  structure  caused  by  the  seismic  forces,  both  taken 
alone  and  in  combination  with  static  stresses.  The  working  stress  method 
was  used,  treating  the  structure  as  uncracked,  and  neglecting  the  effect  of 
the  reinforcing  steel.  The  maximum  allov;able  tensile  stress  in  the  concrete 
was  550  psi,  which  was  10%  of  the  ultimate  strength  f  .     The  maximum  allow- 
able compressive  stress  was  2,475  psi,  which  is  45%  of  f^,  plus  a  i  increase 
under  seismic  conditions.  The  characteristics  of  the  basaltic  rock  founda- 
tion material  were  assumed  equivalent  to  those  of  the  concrete  in  the 
structure.  The  maximum  shear  stress  was  set  at  l.l/f^,  or  81.6  psi,  plus  t 

increase  for  seismic  conditions.  The  maximum  confined  direct  shear  strength 
of  the  concrete  was  set  at  35%  of  f^,  or  1,925  psi. 

Stresses  were  computed  for  all  critical  elements  of  the  structure  in- 
cluding walls  and  piers.  The  maximum  concrete  tensile  stress  obtained  was 
333  psi  and  maximum  compressive  stress  was  432  psi,  both  below  the  allow- 
able stresses.  The  maximum  average  shear  in  the  structure  as  a  whole  was 
99.3  psi  and  the  maximum  on  any  individual  member  was  113  psi,  only  a  few 
percent  above  the  allowable.  In  the  wall  of  the  downstream  end  of  the 
water-passage  opening,  overturning  moment  on  the  structure  produced  a  com- 
pression of  940  psi  and  a  tension  of  460  psi  in  the  basaltic  rock  base. 

The  Board  agrees  that  the  foregoing  analyses  demonstrate  that  the 
Thermal ito  Power  Plant  Headv/orks  would  perform  satisfactorily  under  the 
prescribed  earthquake  with  possibly  some  minor  local  cracking.  The  draft 
of  Chapter  XV  does  not  mention  the  fault  that  reportedly  lies  beneath  the 
bases  of  the  penstocks  and  on  which  minor  sympathetic  movements  have  been 
considered  credible.  The  Board  recomnends  that  this  fault  be  discussed  in 
the  draft.  The  Board  also  recommends  that  consideration  be  given  to  the 
seismic  stability  of  the  traveling  gantry  crane  and  its  ability  to  handle 
the  gates. 

3.  Seismic  Evaluation  of  Bidwell  Canyon  and  Parish  Camp  Saddle  Dams  and 
Effects  of  Possible  Fault  Movements  in  Oroville  Project  Dam  Foundations. 

The  Board  concurs  in  the  conclusion  that  the  two  saddle  dams  would 
perform  satisfactorily  during  earthquake  shaking  as  severe  as  would  be 
generated  by  the  Oroville  Reanalysis  Earthquake.  Postulated  fault  dis- 
placements were  presented  as  15  centimeters  beneath  the  Bidwell  Canyon 
Saddle  Dam  (West  Dam)  resulting  from  movement  along  the  Sv/ain  Ravine  faults, 
and  sympathetic  movement  from  2.5  centimeters  to  5  centimeters  beneath 
other  project  dams.  The  Board  concurs  with  these  estimated  surficial 
fault  displacement  parameters  for  the  various  faults  and  shears  in  the 
project  area.  However,  we  suggest  (1)  emphasis  be  placed  on  the  fact 
that  movement  on  any  individual  subsidiary  fault  is  even  less  likely 
than  displacement  on  the  Swain  Ravine  fault  during  the  postulated  earth- 
quake, which  is  in  itself  a  very   unlikely  event,  (2)  a  statement  be  inserted 
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noting  that  normal  fault  displacements  will  necessarily  be  associated  with 
a  component  of  horizontal  extension  at  the  surface,  and  (3)  modification  be 
made  of  the  inference  that  bedrock  fault  displacements  will  necessarily  die 
out  in  overlying  alluvial  deposits, 

4.  Thermal i to  Aftorbay  Dam. 

The  Board  concurs  thatjthe  Investigations"  ccnd  Analyses  to  date  indicate 
that  the  postulated  M6 . 5  Orovil  1  c._licima]y sj^^  Earthquake  is  capable  of  causing 
a  significant  degree  of  iTcjuifaction  in  the  shallow,  saturated,  sandy  founda- 
tion stratum  at  four  or  more  locations  along  the  13km  long  dam.  The  Board 
accepts  the  Department's  judgment  that  no  significant  liquefaction  would 
result,  however,  from  a  local  M5.7  event. 

The  Board  also  concurs  that  the  recently  completed  survey  of  foundation 
conditions,  which  employed  borings  at  1,000  ft  spacing,  is  not  sufficent 
either  to  identify  all  potentially  inadequate  foundation  areas  or  to  determine 
the  lateral  extent  of  such  areas.  Hence,  the  Department's  expressed  intent  to 
extend  the  survey  by  drilling  and  SPT  testing  of  a  substantial  number  of 
interset  borings  is  endorsed.  The  spacing  of  the  holes  should  be  such  as 
to  define  the  extent  of  each  clearly  identifiable  weak  foundation  area,  so 
as  to  delimit  the  scope  of  needed  corrective  construction. 

The  Board  presently  considers  that  in  those  areas  where  it  may  be  shown 
that  stabilization  or  reinforcement  is  justified,  the  most  practicable  and 
effective  procedures  v/ould  be  either  placement  of  a  substantial  upstream 
benn  of  rock  fill  or  densification  of  the  sand  layers. 

The  Board  was  advised  that  plans  are  proceeding  regarding  the  recom- 
mended installation  of  two  seismic  sensors  in  the  500  ft  deep  boring  at  Site  1, 
one  at  the  top  and  one  at  the  bottom.  In  review,  the  Board  recommends  the 
installation  of  a  third  sensor  at  a  depth  of  about  70  ft. 

During  the  interim,  while  the  investigations  of  the  Afterbay  and  Forebay 
dams  are  being  completed,  the  Board  reiterates  the  statement  in  its  report  of 
June  21,  1979,  "Based  on  the  limited  information  presently  available,  oper- 
ating at  reservoir  levels  between  elevations  124  and  131  as  currently  adopted 
is  considered  to  be  reasonably  safe".  However,  the  Board  believes  that  it  is 
reasonably  safe  to  operate  the  Forebay  without  limitation,  in  accord  with' cur- 
rent practice.  In  each  case,  the  related  outlet  works  should  be  maintained 
so  as  to  permit  as  rapid  lowering  of  the  reservoir  level  as  would  be  practi- 
cably possible. 

5.  Thermal ito  Forebay  Dam. 

The  general  approach  to  assessing  the  seismic  stability  of  Thermal ito 
Forebay  Dam  is  appropriate  and  would  have  been  adequate  if  it  had  led  to  a 
clearer  determination  of  the  adequacy  or  inadequacy  of  the  structure  to  v/ith- 
stand  the  postulated  earthquake.  Hov/ever,  since  the  approach  that  v/as  follov/ed 
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leads  to  a  conclusion  of  marginal  stability,  even  with  the  incorporation  of 
soil  strengths  which  are  not  necessarily  the  worst  which  may  occur  in  the 
foundation,  more  detailed  studies  which  will  eliminate  some  of  the  assumptions 
made  in  the  present  investigation  are  required  before  a  final  assessment  of 
seismic  stability  can  be  made.   In  particular,  the  Board  considers  that  the 
following  supplementary  studies  are  desirable: 

a)  A  number  of  borings  should  be  made  along  the-  length  of  the 
dam  to  confirm  the  present  indication  that  the  conditions  at 
Station  10+00  are  likely  to  be  representative  of  the  most 
critical  conditions. 

b)  If  such  a  conclusion  is  confirmed  by  these  borings,  a 
detailed  cross  section  through  the  dam  and  its  foundation 
at  Station  10+00  (or  whichever  location  is  found  to  be  more 
critical)  should  be  developed  by  means  of  borings  made  at 
appropriate  intervals  across  that  section  of  the  dam. 
Standard  penetration  tests  should  be  made  in  these  borings 
to  determine  the  possible  continuity  or  lack  of  continuity 
of  any  loose  layers  of  sand  encountered. 

c)  Special  efforts  should  be  directed  toward  obtaining  good 
quality,  undisturbed  samples  for  cyclic  load  testing  in  areas 
of  high  and  low  penetration  resistance  with  a  view  to  explor- 
ing further  the  possibility  of  a  correlation  betv/een  cyclic 
strength  characteristics  and  penetration  resistance  in  the 
sandy  soils  of  the  Red  Bluff  foundation  material,  thereby 
facilitating  an  extrapolation  of  the  cyclic  loading  test 
data  to  other  areas  for  which  only  penetration  resistance 
data  are  available. 

Ji)   Every  effort  should  be  made  in  the  conduct  of  the  supple- 
mentary studies  to  back  up  judgmental  decisions  with  field 
or  laboratory  test  data. 

On  the  basis  of  the  results  obtained,  studies  similar  to  those  already 
performed  should  be  conducted  for  an  established  cross  section  through  the 
dam  and  its  foundation.  Interpretation  of  these  studies  and  their  extrap- 
olation to  other  zones  of  the  dam  can  then  be  used  to  provide  a  more 
definitive  assessment  of  seismic  stability  than  is  presently  available. 

The  Board  notes  that  the  results  of  current  investigations  are  encour- 
aging and  it  may  well  be  that  the  Forebay  Dam  has  adequate  stability  to 
withstand  the  postulated  earthquake.  However,  it  is  also  considered  that 
more  definitive  studies  along  the  lines  discussed  above  are  required  before 
such  a  decision  can  be  made  with  an  adequate  degree  of  assurance *for  important 
structures  of  this  type. 
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In  the  discussion  of  the  Forebay  Dam,  some  attention  should  be  given 
to  the  nature  and  geometry  of  the  contact  between  the  underlying  volcanic 
rocks  and  the  Red  Bluff  formation,  and  to  the  possible  effect  of  this 
relationship  on  the  stability  of  the  dam  under  seismic  shaking.  Mention 
should  also  be  made  of  faults  beneath  the  dam  on  which  .displacements  are 
considered  credible. 
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March  19,  1982 


Mr.  Gordon  W.  Dukleth,  Chief 

Division  of  Design  and  Construction 

Department  of  Water  Resources 

P.  O.  Box  388 

Sacramento,  California  95802 

Dear  Gordon: 

At  the  close  of  yesterday's  meeting 
of  the  Board  of  Consultants  on  Thermalito  Project, 
the  Board  met  briefly  and  prepared  the  attached 
notes  for  consideration  of  your  staff  in  finaliz- 
ing its  report.   Xerox  copies  were  fvirnished  to 
Keith  Barrett  yesterday. 

Thanks  to  you  and  all  of  your  associates 
for  the  courtesies  and  assistance  which  we  enjoyed 


WLCrecs 
Attach . 


Very  truly  yoxirs. 


cc:   Harry  B.  Seed ,w/attach. 
Tom  M.  Leps,  w/attach. 
Alan  L.  O'Neill,  w/attach. 
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THE  FOLLOWING  V/AS  TYPED  BY  DWR  FROM  NOTES  PREPARED  BY  THE 
CONSULTING  BOARD  FOR  THERI4ALIT0  AFTERBAY  SEISMIC  STABILIZATION 
AT  THE  MEETING  OF  MARCH  18,  1982. 

Wallace  L.  Chadwlck 

1.  Summary  description  of  development  of  changes  in  conclusions 
over  last  18  months. 

2.  Assure  that  use  of  lowest  values,  which  have  been  included 
In  averages,  would  not  significantly  change  results. 

3.  Submit  final  draft  for  review  and  meet  with  Board  to  review 
and  accept  conclusions. 

Tom  M.  Leps 

Consider  the  possibility  that  a  rapid  transfer  of  pore  pressure 
may  occur  in  the  llquified-to-partially  liquified  sand  stratum 
at  the  end  of  the  seismic*  event ,  with  possibly  critical  increases 
occurring  quickly  in  the  partially  liquified  portions  under  the 
outer  slopes  of  the  embankment. 

The  strength  of  the  clay  hardpan  layer  was  estimated  to  conform 
to  C=0,  0  =  37  deg.   In  fact,  this  formation  must  have  a  consi- 
derable cohesive  strength,  and  hence  the  assumption  appears  to 
be  unreasonably  conservative. 

The  several  considerations  which  have  been  used  to  define  the 
"Design  Earthquake"  are  endorsed  as  being  reasonably  conservative, 

The  extensive  program  of  dynamic  triaxial  testing  of  undisturbed 
"sand"  specimens  (150  tests)  is  considered  to  have  provided  a 
fully  satisfactory  evaluation  of  dynamic  shear  strength. 

Harry  B.  Seed 

Probably  the  main  reason  why  the  report  concludes  the  dam  to  be 
stable  is  the  high  values  of  cyclic  loading  resistance  exhibited 
by  soils  with  relatively  lov;  values  of  penetration  resistance. 
It  Is  Important  to  Justify  why  this  result  is  reasonable  by  com- 
parison with  the  entire  base  of  data  available  on  this  subject  — 
not  Just  the  results  of  Tokimatsu  and  Yoshimi  which  do  not 
necessarily  reflect  lower  bound  acceptable  values. 

I  believe  the  cyclic  load  test  data  are  as  high  as  they  are 
because ; 

1.   The  penetration  test  procedure  used  in  this  project  did  seem 
to  deliver  more  energy  than  "standard"  prdcedures  because  of  the 
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-^ery   good  techniques  used  in  the  field.   Both  the  Ertec  and 
Kovacs  reports  lend  support  to  this  and  It  means  In  effect  that 
other  agencies  making  the  same  studies  would  have  obtained  blov; 
counts  about  30  percent" higher  than  those  measured  by  DWR 
personnel. 

2.   The  soils  Involved  are  basically  sllty  sands,  which  for 
given  values  of  liquefaction  resistance,  are  now  recognized  to 
give  lower  N-values  than  clean  sands. 

My  Interpretation  of  mean  grain  sizes  for  the  different  sets  of 
samples  leads  to  the  following  results: 

Seed  DWR 

DWR  "N"  D50  D50 

4.  =  0.2  «  0.3 

8  =0.2  »  0.3 

12  =0.25  =0.3 

16.5  =  0.34  =  0.3 

27  =  0.6  =  0.6 

DWR  Interpretations  give  slightly  higher  values  for  Dcg  a-s 
shown  in  the  right  hand  column.   I  think  it  would  be  desirable 
to  look  over  the  curves  again  to  examine  carefully  the  small 
discrepancies  which  could  v/ell  be  the  basis  for  a  better  explan- 
ation of  the  relatively  high  cyclic  loading  resistance  values. 
I  would  be  glad  to  examine  the  data  v^ith  you  to  resolve  this 
problem  because  I  believe  it  is  very  important. 

If  a  convincing  line  of  logic  is  developed  in  the  report, 
based  on  some  changes  in  style  of  presentation,  I  believe  the 
results  can  be  clearly  explained  and  justified. 

Redistribution  of  pore  pressure  in  a  short  period  follov/ing  the 
earthquake. 
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Mr.  Gordon  W.  Dukleth,  Chief 

Division  of  Design  and  Construction 

Department  of  Water  Resources 

P.  O.  Box  388 

Sacrcunento,  California  95802 

Re:   Thermalito  Afterbay  and  Forebay  Dams 
Seismic  Stability  Evaluations 

Dear  V-x ,    Dukleth: 

In  accordance  with  your  letters  of  June  14,  and  June 
18,  1982-,  your  Consulting  Board  for  Thermalito  Afterbay  and 
Forebay  Dams  Seismic  Stability  Evaluatijons  met  at  Sacramento 
on  July-  1,  198^.   The  meeting  was  conducted  by  your  lAr.  K.  G. 
Barrett.   The  purpose  of  the  meeting  was  to  provide  an  oppor- 
tunity for  your  staff  to  brief  the  Board  on  the  present  status 
of  the  studies  and  preliminary  conclusions  relative  to  the 
following: 

1.  Thermalito  Afterbay  Dam  (Partial  draft  report  furnished) 

2.  Thermalito  Afterbay  Concrete  Structures  (Final  draft  sxib- 
mitted) 

3.  Thermalito  Forebay  Dam  (Studies  well  along;  Completion  in 
September) . 

A  copy  of  the  meeting  agenda  and  a  list  of  participants 
in  the  meeting  cu:e  attached. 

In  general,  the  Board  was  favorably  impressed  with  the 
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exceptional  extent  and  detailed  attention  to  state-of-the-art 
analysis  v;hich  characterize  the  investigations,  analyses  and 
evaluations  which  were  presented.   In  review  Of  the  present 
status,  the  Board  believes  that  it  should  be  possible  for  the 
Department  to  complete  each  of  the  three  evaluations  noted  above, 
and  submit  them  to  the  Board  in  Draft  form  for  final  comments, 
by  November.   Following  completion  of  that  phase,  we  suggest  that 
the  drafts  be  submitted  to  the  full  Board  on  the  Oroville  Earth- 
quake for  final  comments  and  endorsement. 

In  regard  to  Item  2  above,  identified  as  Chapter  XIII, 
"Thermalito  Afterbay  Dam  Concrete  Structures,  Seismic  Evaluation", 
this  Board  is  satisfied,  as  a  result  of  the  briefing  it  received 
and  its 'review  of  this  chapter,  that  the  structures  eire  acceptably 
stable,  and  that  the  chapter  is  now  in  final  form. 

Reference  is  now  made  to  three  questions  which  you  have 
requested  the  Board  to  respond  to,  in  consideration  of  the  docu- 
ments furnished  to  the  Board  and  the  July  1  technical  briefings. 
The  questions  core  listed  on  an  attached  sheet.   Following  are  the 
Board ' s  responses . 

Response  No.  1. 

The  Board  is  not  yet  in  a  position  to  concur  with  the 
conclusions  (1)  that  Thermalito  Afterbay  Dam  would  be  acceptcJaly 
safe  under  the  postulated  M  6.5  earthquake  conditions  and  (2)  that 
it  would  be  safe  to  restore  full  use  of  the  reservoir.   Basically, 
we  take  this  position  because  we  have  not  yet  been  furnished  with 
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a  completed  draft  report;  in  particular , -we  have  not  had  an  oppor- 
tunity to  review  the  proposed,  100 -page  Addendum  which  we  were 
advised  will  include  the  full  details  of  the  step-by-step ,  seismic 
stability  analyses.   \7e  must  fully  understand  and  concur  v;ith  the 
analyses  before  endorsing  the  Department's  findings.   In  this  re- 
gard, we  urge  that  the  text  of  all  portions  of  your  evaluations 
be  thoroughly  edited,  with  the  objective  of  making  the  presenta- 
tion as  simply  worded  and  as  complete  as  possible,  so  that  it  may 
be  follov/ed  and  comprehended  by  non-experts.   In  particular,  also, 
we  would,  recommend  that,  wherever  it  is  decided  that  empirical 
"correction"  factors  or  "average"  values  must  be  utilized,  the 
justification  therefor   be  clearly  stated. 

The  foregoing  comments  represent,  in  part,  the  Board's 
recognition  that  the  evaluations  being  now.  finalized  by  the  De- 
partment will  be  published  in  a  document  to  be  available  to  the 
general  public,  and  will  represent  engineering  at  the  forefront 
of  the  state-of-the-art.   Accordingly,  every  reasonable  effort 
should  be  made  to  make  the  evaluations  complete,  understandable 
and  credible. 
Response  No.  2. 

The  Board  agrees  with  the  conclusion  that  the  Therma- 
lito  Afterbay  Concrete  Structures  are  acceptably  safe  against 
serious  damage  dxoring  the  postulated  reeuialysis  earthquake. 

Response  No.  3 

In  regard  to  your  studies  of  the  seismic  stability  of 
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Therraalito  Forebay  Dam,  the  Board  was  favorably  impressed  with 
the  extent,  thoroughness  and  apparent  conservatism  of  the  in- 
vestigations presented  to  it  orally  on  July  l.   We  consider, 
however,  that  having  not  had  an  opportunity  to  review  the  studies 
in  the  detail  which  they  v;ill  deserve,  which  review  will  of  coxirse 
be  impossible  without  having  at  hand  a  full  draft  of  your  report, 
it  would  be  premature  for  the  Board  to  express  a  judgment. 

We  are  satisfied  that  there  seems  to  be  no  risk  of 
fault  displacement  affecting  the  right  abutment  of  the  dam,  but 
v;e  have  not  yet  been  provided  with  a  full  assessment  of  the 
potential  of  transverse  cracking  near  the  right  abutment  due  to 
differential  settlement  of  foundation  soils  causable  by  seismic 

shaking. 

We  assume  that  you  may  wish  to  have  a  final  meeting  of 

this  Boaord,  possibly  in  November. 

Respectfully  submitted, 

Viallace  L.  Chadwick 


allace  L.  Chadwick 


Thomas  M.  Leps 


^,k^^7^j^ 


Alan  L.  O'Neill 


^.  ^oU:?v^.fiu.-A. 


K.  Bolton  Seed 
Board  of  Consultants 
July  ?.,  IS  3  2 
Attachments :   Ager.ria 

List  of  Participants 
List  of  Questions 

-  605  - 


Movcmbor  1^,  19B3 


Mr.  John  M.  Lawdcr,  Chief 
nivlslon  of  DesiRn  pnd  Construntion 
Dopgrtjnsnh  of  Water  Rosourors 
P.O.  Rox  "^f^P 
Sacramento,  CA  ^5^0?. 

Re:  Thprmalito  ^ft^^b/-'y  nnd  Forebay  Dans 
5i?isnito  r-hnhll  i  tv  K'nl untlons 

Dear  Mr.  Lcwdor: 

Tn  accord  with  prior  arron»enonts ,  yovir  Consulting  Board  for 
Thermallto  Afterbay  nnd  Forobay  Dams  Seismic  Stability  Evaluations  met  in  your 
offices  in  Sacramento  on  Movembpr  15  ^nd  15,  IQ*^?.  A  copy  of  the  meetinjj 
ap^nda  and  a  list  of  thoso  persons  Kho  attended  arc  attached. 

The  purposes  of  the  meotinp,  were  to  update  the  Poard  on  the  most 
recent  work  of  the  Department  nnd  the  conclusions  therefrom  concerning  Chapter 
XT^  of  tJulletin  20''-7n  as  that  v;ork  will  be  presented  in  a  supplement  to  that 
fXjlletin,  and  to  present  the  currint  status  of  evaluation  of  the  Forebay  Dam. 

The  Roard  v/as  asked  specific  qu^^stions  to  which  responses  will  be 
made  with  references  to  each  such  question. 

Ou?st1on  1 

Does  the  Poard  concur  with  the  conclusions  stated  in  Qiapter  XTIf 
Tlwrma?.ito  Afterbay  *'-«»isratc  Analysis? 
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Rcsponso 

Chapter  XIT  of  the  ?^uppletnent  to  Bulletin  203-7R  on  Thermal  ito 
Afterbay  Seismic  Evaluption  has  three  conclusions  vvhich  nrc  presented  on  page  1 
of  the  Report.  Thes"  conclusions  nrc  discussed  separately  below: 

Conci  usion  1 .   —  "The  strenjjths  of  the  foundation  sands  are  higher 
than  the  values  used  in  the  oroliminary  (lOP-l  Report),  evaluation  of 
rotation  107". 

Since  the  19" 1  preliminary  report  a  detailed  investigation  program 
involving  PPP,   SPT  borings,  ?6  borings  for  piston  sampling  of  sands  and  ?,11 
cone  penetromet'?r  soundings  hps  been  conducted,  together  with  a  careful 
laboratory  investigation  of  the  liquefaction  characteristics  of  the  sands 
and  sllty  sands  in  the  foundation  of  the  Afterbay  Dam.  Careful  studies 
have  also  been  made  of  procedural  details  involved  in  the  conduct  of  the 
SPT  tests. 

These  studies  have  clearly  demonstrated  that  the  SPT  procedures  used 
in  the  DWR  investigation  deliver  noro  energy  to  the  drill-rods  than  is 
customary  in  past  U.S.  practice  in  performing  this  test  and  therefore  lead 
to  lower  values  of  penetration  resistance  than  would  be  obtained  using 
conventional  procedures,  ^'urthermor**,  it  has  been  generally  recognized  in 
the  past  few  years  that  silty  snnds  have  a  greater  resistance  to 
liquefaction  than  clean  sands  having  the  same  penetration  resistance. 


Mr.  John  H.  Lfnrif.r 
Novombor  16,  19P? 
Par.o  -V 

Theso  factors,  nmonw  others,  have  been  carefully  considered  in 
evaluating  the  results  of  the  inS1-9.2  investigations  and  they  provide 
convincing  evidence,  which  is  supported  by  findings  on  other  projects  and 
in  other  countries,  that  the  cyclic  loadinr^  resistance  of  the  foundation 
snnds  for  the  Afterbpy  Dan  is  higher  fby  about  20  to  ?5   percent)  than  the 
values  indicated  by  the  previous  (io«i)  studies.  The  Poard  considers  that 
the  method  of  evaluntinc',  this  resistance  used  in  the  present  report  is 
appropriate  for  seismic  safety  evaluation  purposes. 

Conclusion  ?.  —  "The  stability  of  the  dam  is  satisfactory  for- the 
maximum  earthquake  shnVing  anticipated.  Only  minor  cracking  or  movements 
are  predicted  for  the  postulated  shaking." 

The  Board  considers  the  v/ordint;  adequately  expresses  a  generalized 
finding,  but  recoTmends  that  it  he  modified  so  as  to  convey  a  decision  to 
reinforce  any  local  reaches  of  the  dam  where  sharp  'Jonixstream  angles  in  the 
axis  alignment,  such  as  at  the  southv/est  corner  of  the  reservoir,  are 
concluded  to  be  focal  points  of  potential  transverse  cracking  during  major 
seismic  events.  This  thought  night  bo  expressed  by  adding  a  sentence 
stating:  "short  reaches  of  the  dam,  at  sharp  angles  in  the  axis  alignment, 
will  bo  locally  reinforced  to  5uppl?m«nt  resistance  to  transverse 
crack  inf.." 

Conclusion  ">.     —  "Ts  it  safe  to  restore  full  use  of  the 
reservoir?" 

The  Poard  believes  that  from  the  strndpoint  of  seismic  stability  of 
the  Afterb^y  Dam  nnd  its  foundations,  it  villi  be  safe  to  restore  ftill  use 
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of  the  reservoir  provid'?*-!  core  is  taken  to  ensure  that  the  ground  v;ater 
conditions  on  the  downstrcmi  side  of  the  dam  are  similar  to  those  con- 
sidered in  the  seismic  evalU9tion  studies  and  that  soil  is  not  pumped  from 
the  foundntion  by  the  ground  v;stcr  control  system. 

Question  ?.  —  '".</hqt  eorthqnalte  p.round  motions  (accelerograms^  do  the  Doard 
ronoTimend  usln<9(  for  analysis  of  Thermalito  Forcbay  Dnm  and  Foundation?" 

Response 

The  noard  was  briefed  in  some  detail  on  the  rationale  and  procedure 
used  in  selection  of  the  earthquake  magnitude  and  acceleration  for  reanalysis 
of  the  Forebay  Pam  and  Foundation,  "hile  this  Board  believes  that  the  selected 
earthquake  m9f,nltude  or  6.'i  at  a  distance  of  5  kilometers  is  extremely 
conservative  and  subject  to  further  study  and  discussion,  it  recommends  that 
the  eight  member  Consulting,  Poard  for  the  Oroville  Earthquake  participate-  in 
any  further  recommend  at  ion  •>  on  earthquake  ground  motions  for  reanalysis  of 
Thermalito  Forebay  Dam  and  Foundation. 

'^ur^stton  •'.  —  "Ooos  the  Hoard  concur  with  the  findings  presented  for 
Thf^rmallto  Forebay  Seismic  Analysis  with  respect  to: 

-  Identification  and  Modeling  of  Critical  Areas? 

-  Adopted  Toll  .'Strengths? 

-  Sh-ipe  and  Fffect  of  '^'ovmdatlon  fiedrock  Profile  at  Main  Dam?" 
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Rrsponso 

(a)  Tdontiricatlon  rrrl  Mod>?1inft  of  Critlr^al.   Aro-^s 

The  Poard  considors  the?  approach  prRsentcd  by  Mr.  Ilaomond  for 
«stab\lshlng  on  idealized  soil  profile  to  bo  used  for  analysis  to  be 
reasonable  and  appropriate.  Tt  has  not  been  possible  for  the  Poard  to 
evaluate  all  of  the  details  of  the  variable  soil  conditions  but  we  believe 
that  the  overall  appro?ch  is  sound  and  the  results  seem  to  be  consistent 
v/ith  such  evaluation  as  v/?  have  boon  able  to  make  in  the  limited  time 
available.  We  would  caution  however  against  the  use  of  over-conservatism 
in  evaluating,  variable  foundation  conditions  for  soils  of  the  types, 
involved. 

(b)  ftdopted  Soil  5^tren?th 

Final  selection  of  soil  strengths  for  analysis  of  the  Fo^ebay  Pam  has 
not  yet  been  made  but  in  viev;  of  the  relatively  dense  nature  of  the  soils 
in  the  foundation  of  this  dam,  the  Doard  notes  egain  the  need  to  avoid 
excessive  conservatism  in  selection  of  cyclic  loading  resistance  values, 
by  cumulative  compounding  of  slightly  conservative  safety  margins  selected 
at  different  stap.es  of  the  analysis.  Tn  particular  it  is  noted  that 
careful  consideration  needs  to  be  given  to  the  effects  of  sample 
disturbance  on  the  values  of  cyclic  loading  resistance  determined  by 
laboratory  tests,  amon^,  other  factors.  The  Board  notes  that  the  effective 
penetration  resistance  valur»s  Tor  the  foundation  sands  are  almost  twice 
as  high  as  those  of  th'^  San  Fernando  dam  sands  and  on  this  basis  it  would 
seem  hijihly  improbable  that  failure  could  occur  in  these  materials,  for 
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deslRn  enrthquako  motions  compnrable  to  those  which  occurred  at  San 
Fernando  in  1071 .  ^  caroful  reviev*  of  all  analytical  details  involved  in 
the  Forebay  Dan  nnnlysis  would  therefore  seem  appropriate, 
(c)  Shopo  and  Ffr^-ot  of  FoiinHntion  "odror'<  Profile  at  M;<in  r?m  . 

Based  on  the  dotailod  review  pres'jnted  by  Mr.  A'cers  of  bedroclc  and 
adjacent  overburden  conditions  at  the  richt  abutment  of  the  dam,  and  on 
the  extensive  ov-irburden  studies  southeasterly  therefrom  presented  by- 
Mr.  Hsnrnond,  tof.other  with  considerntion  of  the  clearly  favorable 
curvature  of  the  axis  of  the  dam  at  the  abutment,  the  Board  concurs 
with  the  rindin»5  that  the  moderately  steep  bedrock  profile  in  this 
location  has  no  sisnificnnt  influence  on  the  seismic  safety  of  the 
dam. 

Oupstion  K.  —  "When  all  analyses  are  canploted  to  the  satisfaction  of  the 
.*^all  Board,  will  it  be  appropriate  to  obtain  concurrence  signatures  of  all 
elRht  Board  Members  on  Chapter  X,  Tnhroduction  (Summary  of  Conclusions  and 
Reconwiendations)  by  mail  nfter  mailing  each  Board  Member  a  final  draft  of  the 
Bulletin  Report?" 

^'any  mectinos  have  been  held,  and  information  has  been  exchanged, 
br'tt^en  the  r-nall  Board  and  the  Department  since  the  last  meeting  of  the  eight 
m'^mber  Board.  This  Ponrd  recoiinonds  that  the  eifiht  roemb«rs  of  the  Board  be 
rontaotsd  to  determine  if  a  meetlnp.  should  be  held  wherein  those  members  not 
pnrticipatin«5  on  the  ''r^all  Board  can  be  briefed  and  have  questions  answered 
nrior  to  provldln.*?  noncurronco  sinn^-turea  on  Chapter  X. 


The  Poard  nssumes  that  thnrc  may  later  be  a  meetinR  with  the  full 
Consulting  Board  for  Oroville-Thermalito  Dams  Seismic  Evaluation. 


Resp'^ctfully  submitted, 


Wallace  L.  Chad wick 


Thomas  M.  Lops 


Alan  L.  O-f-lcill 
H.  Bolton  Seed 


Hoard  or  Consultants 

tlovemb?r   1*^,    lO*^"^ 

Attachments:  Arrenda 

List  of  "art ioi pants 
List  of  Oucstions 
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THE  SPECIAL  CONSULTING  BOARD  FOR  TllE  OROVILLE  EARTHQUAKE 
2  November,  1984 


Mr.  Keith  G.  Barrett,  Chief 

Design  Office 

Dept.  of  Water  Resources 

P.O.  Box  388 

Sacramento,  California  93802 

Dear  Mr.  Barrett: 

The  Special  Consulting  Board  for  the  Oroville  Earthquake  met 
in  the  Resources  Building  on  October  19,  1984  and  heard 
presentations  on  seismic  evaluations  as  outlined  in  the  attached 
Agenda.  Since  several  presentations  dealt  with  assumed  faulting 
and  assumed  magnitudes,  and  since  Dr.  Bruce  Bolt  was  not  in 
attendance,  it  was  decided  that  the  Board  would  not  submit  its 
report  until  Dr.  Clarence  Allen  and  Dr.  H.  Bolton  Seed  had  an 
opportunity  to  discuss  these  matters  with  Dr.  Bolt  so  that  he 
could  participate  in  the  Board's  report.   Among  the  points  at 
question  were  1)  extension  of  the  Swaine  Ravine  fault  to  Bidwell 
Canyon  Saddle  Dam,  2)  opening  of  a  vertical  crack  during  faulting, 
3)  type  of  anticipated  displacement  and  earthquake  magnitude  on 
Prairie  Creek  fault/ lineament,  4)  possible  extension  of  Prairie 
Creek  fault/lineament. 

The  Board  also  has  some  questions  about  the  ability  of  the 
Forebay  Dam  foundation  in  the  vicinity  of  Station  112  to  withstand 
ground  motions  as  strong  as  the  Oroville  Reanalysis  Earthquake  on 
the  Prairie  Creek  fault/ lineament.   The  Board  wishes  to  give 
further  consideration  to  the  appropriate  reanalysis  ground  motions 
and/or  methods  of  strengthening.  A  question  was  also  raised  as  to 
whether  the  Division  of  Safety  of  Dams  and  the  Design  Office  were 
in  agreement  with  the  Supplements  to  Bulletin  203-78  so  that  the 
final  report  would  represent  the' findings  of  the  Department.  It 
is  our  understanding  that  this  matter  will  be  clarified  in  the 
next  month  or  so. 

It  is  also  our  understanding  that  a  revised  copy  of  Chapter 
VI  will  be  sent  shortly  to  the  members  of  the  Board  which  will 
answer  some  of  the  questions  that  were  raised  at  the  meeting. 

After  discussions  with  Dr.  Bolt  and  review  of  revised  Chapter 
VI,  the  Board  will  prepare  a  report.  At  this  time  we  do  not 
anticipate  that  another  meeting  of  the  Board  will  be  required. 

Yours  truly, 


^^'-^^^  ^^«-*^-.<-, 


{     GEORGE  W.  HOUSNER 
CO.  Board  members  Chairman 
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THE  SPECIAL  CONSULTING  BOAKD  FOR  THE  OROVILLE  EARTHQUAKE 
22  February  1985 


Mr.  Keith  G.  Barrett,  Chief 

Design  Office 

Dept.  of  Water  Resources 

P.O.  Box  388 

Sacramento,  California  95802 

Dear  Mr.  Barrett: 

The  Special  Consulting  Board  for  the  Oroville  Earthquake 
met  in  the  Resovirces  Building  on  October  19.  1984.  and  later  met  at  the 
Seismographic  Station  at  the  University  of  California-Berkeley  on  February 
1 ,  1 985  to  consider  certain  items  having  to  do  with  the  seismic  reanalysis 
of  the  Oroville  Forebay  Dam  and  After bay  Dam.  The  present  report  covers 
the  following  items. 

Prairie  Creek  Fault  ' 

There  is  little,  or  no,  direct  evidence  that  an  active  trace  of  the 
Prairie  Creek  Fault  extends  northwestward  of  Palermo,  adjacent  to  the  -Therina- 
lito  structures.  However,  in  view  of  the  general  tectonic  structures  £uid  trends 
in  the  area,  the  Board  considers  it  desirable  to  assume  that  such  an  extension 
exists  and  that  the  surface  projection  of  the  fault  passes  about  2.5  miles 
east  of  the  Forebay  Dara.  It  is  also  likely  that  the  fault  dips  to  the  west  as 
do  the  other  faults  in  the  area  such  as  that  observed  in  the  1975  Cleveland 
Hill  earthquake  sequence. 

Because  of  the  lack  of  a  definite  surface  fault  trace  north  of  Palermo, 
there  is  a  significant  limit  to  the  size  and  recurrence  rate  of  earthquakes 
likely  to  be  produced  by  rupture  of  the  assumed  fault  extension.  On  this  evidence, 
the  Board  considers  that  the  maximum  nearby  earthquake  which  could  reasonably 
occur  on  this  fault  is  a  shallow  Magnitude  6  event  with  a  rupture  surface  extend- 
ing down  to  about  10km,  \Vhen  account  is  taken  of  the  depths  of  the  likely  zone 
of  major  energy  release  on  the  assumed  dipping  fault,  the  closest  distance  of 
this  dominant  seismic  source  from  the  Forebay  and  Afterbay  Dams  should  be,  for 
safety  evaluation  purposes,  as  follows: 

Forebay  Dam   :  3  miles 
Afterbay  Dam  :  7  miles 

For  the  Afterbay  Dam,  this  distance  is  the  same  as  that  considered  in  the 
safety  evaluation  already  performed  and  thus  its  adoption  does  not  affect  the 
recommendations  contained  in  the  Afterbay  Dam  Seismic  report. 


For  the  Forebay  Dam,  the  Board  suggests  that  the  safety  evaluation 
earthquake  motions  should  have  the  following  characteristics  (for  a  rock 
outcrop  motion): 

PeaJc  ground  acceleration:  0.4,5g 

Peak  ground  velocity:     35  cm/sec 

The  accelerogram  used  for  Analysis  should  desirably  have  a  "fling"  in  the 
early  part  of  the  record  and  an  acceleration  response  spectrum  for  which 
the  ratio  of  maximum  spectral  acceleration,  (S„)  g^t  to  peak  ground  accel- 
eration, a   ,  is  about  3  for  5%  damping.  The  general  shape  of  the  accel- 
eration  ""^"^  response  spectrum  should  be  similar  to  those  generally  con- 
sidered representative  of  rock  response  spectra.  In  the  vicinity  of  the 
dam,  however,  the  maximum  ground  acceleration  on  soil  deposits  should  not 
exceed  about  0.55g  and  the  acce].erations  in  rock  should  be  limited  as  nec- 
essary to  correspond  to  this  limitation  on  ground  surface  motions. 

In  its  report  of  January  1  ii ,  1 9R1 .  the  Board  noted  that  normal-fault 
displacements  in  the  project  area  "will  necessarily  be  associated  with  a 
component  of  horizontal  extension  at  the  surface."  In  saying  this,  the  Board 
did  not  mean  to  imply  that  horizontal  extension  would  be  caused  by  the  open- 
ing of  significant  tensile  cracks  in  the  bedrock,  but  only  that  shear  fail- 
ure on  a  dipping  bedrock  fault  plane,  with  the  footwall  relatively  raised, 
would  necessarily  be  reflected  in  gross  horizontal  extension  at  the  surface. 
Although  such  shear  failure  at  depth  might  result  in  shallow  tensile  cracks 
in  the  overlying  soils,  weathered  materials,  or  artificial  embankments, 
tensile  effects  would  not  extend  to  large  depths.  The  Board  does  not  feel 
it  to  be  appropriate  to  assume  significant  tensile  openjjng  of  fissures  in 
bedrock,  such  as  is  currently  envisaged  by  the  Department  at,  e.g.,  Bidwell 
Canyon  Saddle  Dam.  We  recommend  instead  that  only  shear  failures  be  assumed 
in  firm  bedrock,  with  possible  tensile  failure  being  limited  to  surf icial 
materials . 


Clarence  R.  Allen 


Bruce  A,  Bolt 

Wallace  i«,  Chadwick  N. 


Alan  L.  O'Neill 
cc.  W.  Hammond 


leorg^W.  Housner 
Thomas  M.  Leps 
H.  Bolton  Seed 


Special  Consulting  Board 

FOR  THE   OROVILLE   EARTHQUAKE 


5  January  1989 


Mr.  John  H.  Lawder,  Chief 

Division  of  Design  and  Construction 

Department  of  Water  Resources 

1416  Ninth  Street 

P.O.  Box  942836 

Sacramento,  California  94236-0001 

Dear  Mr.  Lawder: 

As  requested,  the  Board  has  reviewed  the  following  chapters  of  Bulletin  203- 
88,  Supplement  to  Bulletin  203-78  "The  August  1,  1975  Oroville  Earthquake 
Investigations." 

Chapter  1,  Introduction,  July  1988 

Chapter  2,  Seismic  Evaluation  of  the  Thermalito  Power  Plant  Headworks 

Chapter  3,  Thermalito  Afterbay  Dam  Seismic  Evaluation 

Chapter  4,  Thermalito  Afterbay  Dam  Concrete  Structures  Seismic  Evaluation 

Chapter  5,  Thermalito  Forebay  Dam  Seismic  Evaluation,  July  1988 

Chapter  6,  Seismic  Evaluation  of  Bidwell  Canyon  and  Parish  Camp  Saddle 

Dams  and  Effects  of  Possible  Fault  Movements  in  Oroville  Project  Dams 
Foundations,  July  1988. 

A  meeting  was  held  in  the  DWR  building  in  Sacramento  on  November  18,  1988 
with  members  of  your  staff  making  explanatory  presentations  and  answering  final 
questions  from  the  Board  members.  The  responses  were  fully  adequate. 


Based  on  its  reviews  the  Board  concurs  with  the  conclusions  presented 
in  Chapters  1-6  of  Bulletin  203-88  and  with  the  adequacy  of  the  remedial 
measures  proposed. 

Respectfully  submitted. 


li^^^yuu^     M-U- 


Clarence  R.  Allen  Thomas  M.  Leps 


P)uu.J:xyfU^r^ 


Bruce   A.  Bolt  Alan  L.  O'Neill 

Wallace  L.  Chadwick  J)        H.  Bolton  Seed 


yGeorge  W.  Housner 


CONVERSION  FACTORS 


To  Customary  Unit 


Multiply  Metric 
Unit  By 


To  Convert  to  Metrr 

Unit  Multiply 
Customary  Unit  By 


Length 


Velocity 

Power 

Pressure 

Specific  Capacity 

Concentration 

Electrical  Con- 
ductivity 


nnillinnetres  (nnm) 

centinnetres  (cm)  for  snow  depth 

metres  (m) 

kilometres  (km) 

square  millimetres  (mm') 

square  metres  (m') 

hectares  (ha) 

square  kilometres  (km') 

litres  (L) 
megalitres 
cubic  metres  (m^) 
cubic  metres  (m') 
cubic  dekametres  (dam') 

cubic  metres  per  second  (mVs) 

litres  per  minute  (L/min) 

litres  per  day  (L/day) 
megalitres  per  day  (ML/day) 

cubic  dek.'jmetres  per  day 
(damVday) 

kilograms  (kg) 
megagrams  (Mg) 

metres  per  second  (m/s) 

kilowatts  (kW) 

kilopascals  (kPa) 

kilopascals  (kPa) 

litres  per  minute  per  metre 
drawdown 

milligrams  per  litre  (mg/L) 

microsiemens  per  centimetre 
(uS/cm) 


inches  (in) 

003937 

inches  (in) 

03937 

feet  (ft) 

3.2808 

miles  (mi) 

0.62139 

square  inches  (in') 

000155 

square  feet  (ft') 

10.764 

acres  (ac) 

2.4710 

square  miles  (mi') 

0.3861 

gallons  (gal) 

026417 

million  gallons  (10*  gal) 

0  26417 

cubic  feet  (ft') 

35315 

cubic  yards  (yd') 

1  308 

acre-feet  (ac-ft) 

08107 

cubic  feet  per  second 

35315 

(ftVs) 

gallons  per  minute 

026417 

(gal/min) 

gallons  per  day  (gal/day) 

026417 

million  gallons 

026417 

per  day  (mgd) 

acre-feet  per  day  (ac- 

08107 

ft/day) 

pounds  (lb) 

2  2046 

tons  (short,  2,CXX)  lb) 

1 .  1023 

feet  per  second  (ft/s) 

3.2808 

horsepower  (hp) 

1.3405 

pounds  per  square  inch 

0 14505 

(psi) 

feet  head  of  water 

0.33456 

gallons  per  minute  per 

0.08052 

foot  drawdown 

parts  per  million  (ppm) 

10 

micromhos  per  centimetre 

1.0 

254 
254 
03048 
1  6093 
645.16 
0.092903 
040469 
2590 

3  7854 
3  7854 
0  028317 

0  76455 

1  2335 

0  028317 

3  7854 

37854 
3  7854 


045359 
0  90718 

03048 

0  746 

68948 

2  989 

12419 


Temperature 


degrees  Celsius  (°C) 


degrees  Fahrenheit  (°F) 


(18X°C)  +  32      (°F-32)/1 
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